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Heat pump capacity effects on peak
electricity consumption and total
length of self- and solar-assisted
shallow ground heat exchanger
networks
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ABSTRACT

A new “elf-assisted” Ground Source Heat Pump (GSHP) system confignration is proposed to address the relatively high peak electricity demand
of undersized GSHP systems equiped with auxiliary electric beater. In this configuration, ground beat exchangers (GHE) have two independent circuits:
the first circuit is used to inject the extra beat produced by the heat pump into the ground during off-peak operations, while the second circuit is used to
extract beat in the winter and reject heat in the summer for space beating and cooling, respectively. This configuration is compared against a “solar-assisted”
confignration and a conventional single U-tube configuration. An analytical model for shallow GHE networfks is used to evaluate the effects of the beat
pump nominal capacity and the borebole total length on the total electricity consumption and peak electricity demand of the three configurations. Results
show that the self-assisted configuration reduces the peak electricity demand by 47%, in a case with a 29% undersized GHE network and a 16%
undersized heat pump nominal capacity, while it increases the total energy consumption by 4.1%. Using a solar-assisted configuration for the same siging
parameters reduces the peak electricity demand by only 6.3% and the total energy consumption by 3.8%.

INTRODUCTION

Ground source heat pump (GSHP) systems offer significant energy saving potential in cold climates because of
their relatively good seasonal performance in both heating and cooling applications. However, due to their high initial
costs, the most expensive system components (e.g. heat pumps and GHEs) are often deliberately undersized, leading
to higher peak electricity demands in comparison to other market available heating and cooling systems. A so-called
solar-assisted alternative, which integrates solar thermal technologies with GSHP systems, has been shown to decrease
the negative impacts of undersized heat pump nominal capacity and borehole length in cold climates (Kjellsson, et al.
2010; Chiasson and Yavuzturk 2003; Han et al. 2008). Among several possible approaches, the direct injection of
available solar heat into the ground using shared boreholes has been favored in several recent studies due to its simplified
system integration (Eslami Nejad and Bernier 2011; Belzile, et al. 2016).

However, solar-assisted geothermal heat pumps suffer from the fact that heat can only be stored into the ground
when solar thermal energy is available, which may differ from the time of peak heating loads. Additionnaly, large
amounts of solar thermal energy are required to achieve savings in terms of GHE size. To diminish these shortcomings,
a “self-assisted” GSHP configuration is examined. This configuration uses the heat pump to store surplus heat into the
tield of GHEs through a secondary fluid loop. The effects of heat pump nominal capacity and total borehole length on
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the the electricity consumption and peak electricity demand are evaluated for the case of a single family detached home
located in Montreal. The newly proposed self-assisted configuration is compared against the solar-assisted and
conventional single U-tube configurations for four different cases: Case 1 with properly sized borehole network and
heat pump capacity, Case 2 with reduced heat pump nominal capacity, Case 3 with shortened borehole network, and
Case 4 with combined undersized borehole network and heat pump nominal capacity.

SYTEM DESCRIPTION

The seasonal performance of three configurations, self-assisted, solar-assisted and conventional configurations, is
assessed under given space heating and cooling load profiles for a 210 m? single family detached home located in
Montreal. Figure 1 presents the building load (left), the annual outdoor temperature profile (center) and the total tilted
solar radiation on solar collectors (right) taken from a TMY2 (National Solar Radiation Data Base) weather file for
Montreal. The peak hourly building load is 14.18 kW and 4.21 kW for heating and cooling respectively. Annual space
heating and cooling requirements are 29266 kWh and 1682 kWh respectively. More details about the building model
and validation are found in Kegel et al. (2012a, 2012b). The same outdoor temperatures, solar radiation and building
loads are used for every year of the simulations.

12
Heating loads 8 §
Cooling loads [0} Z‘
3 S
o ©
5 o
g £
{ 8] ©
| - °
- s
| .g F 5
|
e Wl 3
-5 c
0 4000 8000 0 4000 8000 ~— 0 4000 8000
Time [h] Time [h] Time [h]

Figure1  Building loads (left), ambient temperature (center) and incident solar radiation (right)

In all configurations, the heating and cooling system consists of a geothermal heat pump connected to an array of
25 (5 X 5) ground heat exchangers in a zig-zag pattern, as shown in Figure 2. When used, Circuit 2 (shown in red) has
the heat carrier fluid flowing in opposite direction to Circuit 1 (shown in blue). Auxiliary heating is provided by an
electric auxiliary heating system when the heat pump capacity is insufficient to cover the building heating loads. Two
heat pumps with nominal capacities of 15.2 kW and 12.7 kW are considered. The variation of the heat pump capacities
and the coefficient of performance with regards to entering fluid temperature are presented in Figure 3.
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Figure 2  Sample zig-zag patern for a field of 3 X 3 boreholes
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Figure 3  Heat pump capacity and COP as a function of entering fluid temperature

For all cases considered, the spacing between boreholes is B = 2 m. The boreholes have a radius r, = 0.042 m and
are buried at a distance D = 1 m below the ground surface. U-tube pipes have an inner radius 7,; = 0.0164 m, an outer
radius 7, , = 0.0167 m and are equally spaced at a distance Dy = 0.024 m from the center of the boreholes. The thermal
conductivities of the ground, the grout and the pipes are kg = 2.65 W/m-K, k, = 1 W/m-K and k, = 0.4 W/m-K,
respectively. The ground thermal diffusivity is @y = 0.08 m2/day. The fluid flow rate is m, = m, = 0.5 kg/s in both
circuits, when applicable, with a fluid specifc heat of 4000 J/kg-K (propylene-glycol 20%) and a fluid convection
coefficient of 1500 W/m?2-K. The minimum allowed fluid temperature is T¢ i = -2°C in all cases. The borehole length
H and the nominal heat pump capacity vary from case to case.

Conventional Configuration

The first system is a conventional ground source heat pump system, which provides a base of comparison for the
other two systems proposed in this paper. In this system, the heat pump is connected to single U-tube vertical boreholes
(Figure 4a). The heat pump covers both the heating and cooling loads. Auxiliary electric heating is used when the heat
pump capacity is insufficient.
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Figure 4  Schematic of (a) conventional GSHP, (b) solar assisted GSHP, and (c) self-assisted GSHP systems

At all times when the heat pump is operating, the total heat extraction rate (positive for extraction, negative for
injection) from the borehole (via Circuit 1) is given by the heat pump performance data based on the outlet fluid
temperature from the borefield:
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where Qcireyit1 18 the total heat extraction rate from the heat pump ciurcuit, Qyeqaring and Qcooting are the
building heating and cooling loads, CAPyeqting and CAPcgoping are the heat pump heating and cooling capacities and
COPheqting and COPgypping are the heat pump coefficients of performance in heating and cooling modes.

Solar-Assisted Configuration

The solar-assisted configuration is equipped with double U-tube vertical boreholes (two circuits). Circuit 1 is
connected to the heat pump while Circuit 2 is connected to the solar collectors (Figure 4b). Via Circuit 2, solar heat is
injected into the ground at all times when it is available. In heating dominated climates, where the ground temperature
typically decreases due to unbalanced loads, this helps to increase the ground temperature and store heat in the borefield.
Using Circuit 1, the heat pump meets the space heating and cooling loads, as in the conventional GSHP system. Auxiliary
heat is used when the heat pump heating capacity is insufficient. Circuit 2 is connected to an array of solar collectors
with total area A., =5m2 The collector efficiency 7 varies with the ambient temperature T,, the outlet fluid

temperature from the borefield (and into the solar collectors) T 3 out, and the incident solar radiation I:
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where Qgircyir 2 is the total heat extracted from Circuit 2 (negative for heat injection), Fg = 0.86 is the collector heat
removal factor and a = 5.33 is a parameter associated with the heat losses of the collector to the ambient air.

Self-Assisted Configuration

Double U-tube vertical boreholes are also used in the self-assisted configuration. However, Circuit 2 is only used
during the colder winter months, at certain selected periods prior to peak heating conditions when extra heat produced
by the heat pump is available to be injected into the ground (Figure 4c). The time period of injection before the peak is
determined using simulations to minimize (i) the peak electricity demand and (ii) the heat pump energy consumption
for the configuration. Heat injection will increase the ground temperature and store heat in the cluster of shallow
boreholes, which may lead to an increase in heat pump capacity during peak conditions and, therefore, lower peak
electricity demands.

As in the other configurations, Circuit 1 is connected to the heat pump. However, in this case Circuit 2 is connected
to the condenser of the heat pump on the building side. Even though in reality the heat pump system would cycle
between heat extraction and self-assisted modes, the two processes are treated as simultaneous in the simulations due
to the time step of 1 hour. Whenever the self-assisted mode is allowed, Circuit 2 is used to inject heat into the ground
if there is more than 20% of the heat pump capacity leftover after satistying the building loads. The total rates of heat
extraction in Circuits 1 and 2 are given by:
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SIMULATION MODEL

The ground-source heat pump (GSHP) system is simulated using the simulation model of Cimmino and Eslami-
Nejad (2016). Boreholes and horizontal sections of pipes are modeled as finite line sources with uniform heat extraction
rates. The borehole wall and horizontal section of pipe temperatures are obtained from the spatial and temporal
superpositions of the finite line source (FLS) solution for all boreholes and horizontal sections of pipes. The load
aggregation algorithm of Claesson and Javed (2012) is used for the temporal superposition of heat extraction rates.
Outlet fluid temperatures are calculated from the inlet fluid temperatures and borehole wall temperatures based on
analytical solutions for double U-tube boreholes (Eslami-Nejad and Bernier 2011) when both circuits are active, and
single U-tube boreholes (Hellstrom 1991) when only one is active. The heat pump coefficient of performance (COP),
capacity and power consumption are loaded from external data files. Ground surface effects are considered by using a
correlation (Badache et al. 2016) for the calculation of the ground temperature at z = D for horizontal sections of pipes
and for the calculation of the average ground temperature over D < z < D + H for boreholes.

The simulation model of Cimmino and Eslami-Nejad (2016) was modified to account for the minimum operating
fluid temperature Ty . Auxiliary heating is used instead of the heat pump if the inlet fluid temperature into the
borefield would fall below the minimum temperature by using the heat pump. In these cases, the total heat extraction
rate from Circuit 1 is set to zero. At each simulation time step, the simulation model follows this sequence:

Calculate aggregated heat extraction rates from previous time steps.
Evaluate ground temperatures from correlations.
Read building heating and cooling loads and meteorological data from external files.

sl NS

Evaluate the total heat extraction rate from Circuit 1 based on the building load and the values of the heat
pump COP and the heat pump capacity calculated based on instant value of returning fluid temperature.
5. Evaluate the total heat extraction rate from Circuit 2:
a. In the solar-assisted configuration, if solar radiation is available (i.e. Qcuirz < 0), evaluate the total heat
extraction rate based on the solar collector efficiency and the current value of returning temperature.
b. In the self-assisted configuration, the total heat extraction rate is calculated from the remaining heat pump
capacity.
6. Calculate borehole wall and fluid temperatures from the FLS model and borehole analytical solutions
respectively.
7. Evaluate auxiliary heating power:
a. Ifinlet fluid temperature T 1 5, into Circuit 1 is above the minimum allowed fluid temperature Ty 5, then
auxiliary heating power is the difference between the building load and the heat pump capacity.
b. Ifinlet fluid temperature Ty ; ;5 into Circuit 1 is below the minimum allowed fluid temperatute Tf py, then
auxiliary heating power is equal to the building load and the total heat extraction rate is set to 0.
8. Re-evaluate heat pump COP, capacity and power consumption and re-calculate fluid and borehole wall
temperatures and auxiliary heating power until convergence is reached.

RESULTS

In this study, the peak electricity demand and the total electricity consumption of the systems are compared for
different borehole lengths and two distinct nominal heat pump capacities in houtly simulations over a period of 5 years.
Four cases are selected to investigate the effect of heat pump nominal capacity and borehole length. For Case 1 and
Case 2, boreholes are sized adequately and the solar-assisted and conventional configurations are compared under



different heat pump sizes. In Case 3, the borehole length is undersized by 19% and the heat pump size is kept unchanged.
In Case 4, the borehole length and heat pump nominal capacity are undersized by 29% and 16%, respectively. The self-
assisted configuration is investigated only in Cases 3 and 4 since under propetly sized borehole cases (Cases 1 and 2),
this configuration does not show any benefits.

Case 1

In Case 1, the length of each borehole and the nominal capacity of the heat pump are determined so that almost
no auxiliary energy input is needed for both the solar-assisted and conventional GSHP systems (Table 1 and Figure 5).
Based on the annual simulation, each borehole has a length of 21 m (Table 1) and the heat pump nominal capacity is
15.2 kW. In this case, solar injection in the solar-assisted configuration has a negligible effect on the fifth-year energy
consumption (0.35%) despite significant heat injection (~6000 kWh) into the ground (Table 1: Case 1). Since auxiliary

heating is concentrated in the first few months, energy consumption will only be shown for the first 3 months of the
fifth simulation year in subsequent cases.

Table 1. Simulation Results of Case 1 and Case 2

Case 1 Case 2
Result metric Units  Conventional  Solar Assisted | Conventional  Solar Assisted

Borehole length (m) 21 21 21 21
Heat pump capacity kW) 15.2 15.2 12.7 12.7
Minimum returning fluid temperature &) -1.78 -1.02 -0.72 -0.19
Total energy consumption (year 5) (kWh) 10962 10923 11224 11167
Reduction relative to case 1 (conventional) (%) 0 0.35 -2.39 -1.87
Auxiliary heating (year 5) (kWh) 1.18 0 110 78.9
Peak energy demand kW) 5.29 5.07 6.85 6.63
Heat injected into ground (year 5) (kWh) 2173 8248 2165 8234
Heat extracted from ground (year 5) (kWh) 18792 18834 18515 18576
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Case 2

The same borehole length is used in Case 2 with a reduced heat pump nominal capacity (12.7 kW). In this case,
the total energy consumption during the fifth year increased by 2.4% and 1.9% for conventional and solar-assisted
configurations, respectively, compared to the conventional configuration in Case 1 (Table 1). Peak energy demand
increased by almost 1.5 kW compared to Case 1 (Figures 5 and 6). Similar to Case 1, despite significant solar heat
injection into the ground, both the total energy use and peak energy demand reductions are very marginal (0.5% and
3.2%, respectively, compared to the conventional configuration of the same case).



Case 3

In Case 3, shorter boreholes (17 m each) are used in combination with an adequately sized heat pump (15.2 kW).
For the self-assisted configuration, heat pump capacity (beyond what is required to meet the space heating loads) is
injected into the ground for 18 days prior to peak heating conditions on February 15t (Figure 7, right, red line). This
time period was selected based on exploratory simulations so that auxiliary heating is used only marginaly throughout
the heating season. The solar assisted case followed the same control sequence as in the previous cases. Results show
that the solar-assisted and self-assisted configurations decreased the peak energy demand by 0.8% and 59%, respectively,
compared to the conventional configuration (Table 2: Case 3). Furthermore, the self-assisted configuration requitres
almost no auxiliary heating. However, it increased the fifth-year energy consumption by 6.4% due to increased heat

pump energy use during off-peak operations. The solar-assisted configuration decreased the energy consumption during
the fifth year by 1.8% (Table 2: Case 3).
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Figure 7  Energy consumption of the conventional (left), solar-assisted (center) and self-assisted (right) configurations
during the first 3 months of year 5 for Case 3
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Figure 8  Energy consumption of the conventional (left), solar-assisted (center) and self-assisted (right) configurations
during the first 3 months of year 5 for Case 4

Case 4

In Case 4, both the borehole network and the heat pump are selected to be smaller than that of the base case
(Case 1). Each borehole is 15 m long (29% reduction relative to the base case) and the heat pump nominal capacity is
12.7 kW. For the self-assisted configuration, excess heat pump capacity (above what is required for building heating
loads) is injected into the ground during two periods; (i) for 29 days prior to February 15% and (ii), for 2 days prior to



March 7% (Figure 8, right, red line). As in Case 3, this time period was selected so that auxiliary heating is used only
marginaly throughout the heating season. A significant reduction of the peak energy demand has been calculated (47%)
for the self-assisted configuration, while the peak is reduced by only 6.3% using the solar-assisted configuration (Table
2: Case 4) despite significant solar thermal energy injection into the bore field when compared to the conventional and
self-assisted configurations. The solar-assisted configuration decreases the fifth-year energy consumption by 3.8% while
the results for the self-assisted configuration show an increase of 4.1% compared to the conventional configuration.
The energy consumption increase of the self-assisted configuration is mainly due to more frequent heat pump operations
during off-peak hours as the auxiliary heat is consumed equally in both configurations (182 kWh in Table 2: Case 4).

Table 2. Simulation Results of Case 3 and Case 4

Case 3 Case 4
Result metric Units Conv. Solar . Self Assis. Conv. Solar . Self Assis.
Assis. Assis
Borehole length (m) 17 17 17 15 15 15
Reduction relative to case 1 (%) 19 19 19 29 29 29
Heat pump capacity kW) 15.2 15.2 15.2 12.7 12.7 12.7
Minimum returning fluid temperature ~ (°C) -2.00 -1.99 -1.98 -2.00 -2.00 -1.99
Total energy consumption (year 5) (kWh) 11180 10977 11890 11727 11278 12207
Reduction  relative o ease 1 (%) -1.99 0.14 847 -6.98 -2.88 -11.36
(conventional)
Auxiliary heating (year 5) (kWh) 295 411 3.56 831 182 182
Peak energy demand kW) 13.70 13.59 5.55 13.64 12.78 7.21
Heat injected into ground (year 5) (kWh) 2173 8257 3817 2166 8244 3738
Heat extracted from ground (year 5)  (kWh) 18573 18780 18779 18005 18461 18432
CONCLUSION

In this study, a shallow ground heat exchanger network is connected to a heat pump to satisfy space heating and
cooling of a single family residential building located in a cold climate. The effect of the heat pump and the GHE sizes
on the total electricity use and peak electricity demand of the system was investigated for three different configurations.
A new “self-assisted” configuration is compared to a solar-assisted and a conventional GSHP system.

Under a propetly sized shallow borehole network, it is shown that the solar-assisted GSHP system does not
noticeably reduce the total energy use or the peak energy demand. However, it improves the system energy consumption
for an undersized borehole network. The self-assisted configuration can significantly lower the peak electricity demand
and use of auxiliary heating when the borehole network is undersized, but it increases the heat pump energy
consumption. In the presented Cases 3 and 4, the peak energy demand was reduced by 59% and 47% while the total
energy consumption increased by 6.4% (710 kWh) and 4.1% (480 kWh) when compared to the corresponding
conventional system. Case 4 has thus shown that appreciable peak energy demand reduction can be achieved at relatively
low energy costs. Overall, significant borehole length and heat pump size reduction can be envisioned using self-assisted
configuration. However, the presented self-assisted geothermal heat pump system relies on the prediction of the time
of the peak heating load. Proper control strategies, such as model predictive control, should then be envisioned for this
system and will be addressed in future work.
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