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ABSTRACT

Widespread commercial adoption of ground source heat pumps (GSHP) is hindered by the relatively high initial cost associated with drilling boreholes in
the ground to deploy ground heat exchangers. Reducing the energy demand of buildings has the potential to reduce the required borehole length and the
associated drilling costs. In single-family residential buildings, air sealing can significantly lower heating energy usage, according to recent studies and reports.
Thus, air sealing in conjunction with GSHP retrofits can lower the required GSHP system's capacity and borehole length to meet the thermal demands of
the buildings. In order to understand the role of combining air sealing with GSHP retrofit quantitatively, the current study employs a whole building energy
simulation tool integrated with an advanced design tool for the ground heat exchanger to determine changes in required GSHP capacity, total borebole
length, and building energy consumption for with- and without-air sealing in single-family houses in 3 climate zones in the United States. The study
considers one representative city for each climate zone, Phoenix, AZ for a hot climate, Seattle, WA for a moderate climate, and Minneapolis, MN for a
cold climate. The results from this study show that reducing air infiltration from 0.8 ACH to the minimum ventilation requirement (0.35 ACH) can
reduce borehole length requirement by up to 24% in Phoenix, 32% in Seattle, and 70% in Minneapolis. A simiilar magnitude of reduction can be seen
for GSHP capacity and total building energy nsage as well.

INTRODUCTION

The United States administration has established a goal to become carbon neutral by 2050 and to cut greenhouse gas
emissions by 50% by 2030 compared to 2005 levels (Kerry, 2022). The most popular kind of electric-driven heat pump
available to replace fossil fuel-based heating sources is the air-source heat pump (ASHP). When an ASHP is in operation,
its efficiency and capacity for heating and cooling are dependent upon the condition of outdoor air. Because of this,
electric resistance heaters are typically installed in ASHPs to provide supplementary heating in situations where the
outdoor air temperature is low and there is a high demand for heating. However, this can lead to large power draws
when the electric resistance is engaged. Recent studies (Mai et al., 2018; Tarroja et al., 2018; White & Rhodes, 2019),
indicated that the residential sectot's switch from gas-fired furnaces to ASHPs would increase yeatly electricity
consumption and cause the peak demand for electricity to move from summer to winter. This change might have a
significant impact on how the power grid functions, necessitating large new expenditures in the infrastructure of electric
power generation and transmission. For example, according to a recent analysis, a fully electrified approach (using
ASHP) may necessitate a 70% increase in the required capacity of the country's electrical infrastructure (Waite & Modi,
2020). Adopting ground source heat pump (GSHP) technology is one feasible answer for handling this problem.

However, the initial high cost of GSHP installation, mostly caused by drilling boreholes for installing ground heat
exchangers (GHE) in the ground, prevents GSHP from being widely adopted. Reducing a building's energy demand for
heating and cooling through envelope improvements can help reduce the thermal loads, and consequently, the initial
cost of a GSHP system by reducing the required size of the heat pump and the GHE. Since infiltration contributes
significantly to heating and cooling loads (Sawyer, 2014), it can significantly influence the required capacity of the GSHP
system (thereby affecting the required total borehole length) as well as energy utilization. By caulking small cracks and
gaps in the building's exterior, air leakage in single-family houses (SFHs) can be reduced by an average of 25-30%,
reducing heat from escaping or entering the building (Tonn et al., 2011). Additional reduction in air leakage can be
achieved by other envelope improvements such as adding insulation and upgrading windows (Younes et al., 2011).
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Therefore, reducing the infiltration of buildings has the potential to lower the installed cost and the operation cost of
GSHP systems. The winter peak electricity consumption brought on by buildings' electrification of space heating can
also be decreased by the reduced size of GSHP systems.

Unfortunately, the impact of air-sealing SFHs on electrifying residential space heating with GSHPs has not been
examined in prior research. The current study evaluates the costs and advantages of combining air sealing with GSHPs
for retrofitting existing SFHs in various US climate zones as a first step in this direction. This study employs a whole
building energy simulation tool integrated with an advanced design tool for GHE to determine changes in required
capacity, total borehole length, and building energy consumption of the GSHP system resulting from air sealing and
dedicated outdoor air ventilation in SFHs across 3 climate zones in the United States. It is important to note that the
geological conditions play a major role in the sizing and performance of GSHP systems. Our study accounts for the
difference in the undisturbed ground temperature at the three locations. We could expand our study in the future to
evaluate the impact of air infiltration on the GSHP system under different geological conditions (e.g., with high or low
ground thermal conductivity value).

METHODOLOGY

EnergyPlus (Crawley et al., 2001), a whole building energy modeling program, is used in this study to calculate the
required GSHP system capacity and electricity consumption for meeting the annual heating and cooling demands of
SFHs. EnergyPlus is an open-source platform developed by the U.S. Department of Energy’s Building Technologies
Office, as part of their building energy modeling program portfolio (Crawley et al., 2001). The US Department of
Energy's residential prototype building models of a single-family detached house are used in this study (Mendon &
Taylor, 2014). These models are variations of a 220.82 m? two-story house that is built to meet the requitements of
energy standards. The prototype models following the 2006 Edition of IECC (International Energy Conservation Code)
at 3 US climate zones are used in this study to represent existing SFHs (Mendon & Taylor, 2014). These models use
ASHP and slab-on-grade foundations. The third edition of the typical meteorological year (TMY3) file of representative
cities of the three climate zones is used to run simulations of the prototype models. For each prototype building model,
3 scenarios with the GSHP system were modeled with different air infiltration levels. Each GSHP scenario was modeled
following a three-step process. The first step is to conduct an initial simulation using EnergyPlus to estimate the houtly
thermal loads of GHE. Default values are used in this step for response factors of vertical borehole GHE (i.e., the g-
functions (Spitler et al., 2021)), and borehole design parameters. The second step employs a new design tool of GHE,
GHEdesigner (Mitchell et al., 2023), to determine the required borehole length and calculate the associated response
factors based on the computed GHE hourly load. In the final step, whole-building energy simulation was performed
again to predict building energy usage using the results from GHEdesigner.

The 3 scenarios of outdoor air (OA) infiltration modeled in this study include:

1. Leaky/High infiltration: Base case infiltration of 0.8 air change pet hour (ACH), representing a typical
residential construction (Margaret et al., 2022).

2. Low Infiltration: Infiltration reduced to 0.35 ACH, representing a retrofitted house while maintaining minimum
indoor air quality without the need for ventilation (Stevens et al., 2013).

3. 0.03 ACH or negligible infiltration and dedicated outdoor air system (DOAS), representing air-tight new
construction.

For the 3 scenarios, the ASHP in the prototype model was replaced with a GSHP system that uses vertical borehole
GHE. For the models representing air-tight new construction (3' scenario), DOAS is incorporated to provide
ventilation in compliance with ASHRAE Standard 62.2 (Clark et al., 2019). The rated heating and cooling coefficients
of performance of the GSHP unit are 4.0 and 6.5, respectively. EnergyPlus auto-sizes the GSHP unit and simulates the



operation of the GSHP system. The entering water temperature of the GSHP is the supply water temperature of the
GHE, so the effect of GHE supply temperature on the GSHP efficiency is modeled in the simulations. The default
vertical borehole GHE design parameters used in the simulation are listed in Table 1. Table 2 shows the undisturbed
ground temperature (Xing et al., 2017), number of boreholes, and length of each borehole for all climate zones
investigated in this study. The climatic information of selected cities can be seen in Table 3.

The prototype building model uses design day loads for sizing the HVAC systems. This method might not always size
the HVAC equipment with sufficient capacity. In some cases, the unmet hours (i.e., the hours when the room
temperature is not maintained at the set point) could be more than 300 hours, which is the maximum number
recommended by ANSI/ASHRAE/IES Standard 90.1-2010’s Performance Rating Method Reference Manual (Goel &
Rosenberg, 2016). To ensure the total unmet hours in our study are always less than 300 hours, the auto-sized GSHP
capacity is corrected whenever it is necessary.

Area;eqkage calculated with Eq. 1 (Chan et al., 2013) is used as a parameter in the ELA method. The GHE design
parameters and thermal load are used to determine the size of the GHE (i.e., the number of boreholes and depth of
each borehole) using GHEDesigner (Mitchell et al., 2023). The details from Table 2 are used in all cases to estimate the
thermal load from the ground to size the GHE. The obtained number of boreholes and borehole length are updated in
the building model to perform the final simulation. After the final simulation of each scenario, the heating and cooling
energy usage, the required capacity of the GSHP system, and the size of GHE are compared to evaluate the effect of
OA infiltration. The process is repeated for three ELA options for all the three climate zones used in the study.

Areaﬂoor X NLeakage
AreaLeakage = 1000 x N9,
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Nieakage 1s the desired ACH value; Aredyqor is the floor area, and Nfloor is the number of floors.

Table 1. Vertical borehole GHE design parameters

Parameter Default value Parameter Default value
Borehole radius (m) 0.0762 Grout heat capacity (k] /m3-K) 3,900
U-tube pipe thickness (m) 0.0024 Ground conductivity (W/m-k) 1.30
U-tube pipe outer diameter (m) 0.0267 Ground heat capacity (k]/m3-K) 2,347
U-Tube distance (m) 0.025 System design flow rate (m?/s) 0.000689
Pipe conductivity (W/m-K) 0.3913 Bore spacing (m) 6.5
Pipe heat capacity (kJ/m3-K) 1,770 Maximum GHE supply temp. (°C) 35
Grout conductivity (W/m-k) 1.298 Minimum GHE supply temp. (°C) -3

Table 2. Initial parameters for EnergyPlus simulation

Representative cities Undisturbed Ground GHE number GHE depth (m)
Temperature (C)
Phoenix, AZ 25.6 6 71.8
Seattle, WA 13.1 4 50
Minneapolis, MN 9.1 6 50




Table 3. Climatic information of the selected cities

Representative cities Koppen climate classification = Description

Phoenix, AZ BWh Hot desert climate

Seattle, WA Csb Warm-summer Mediterranean climate

Minneapolis, MN Dfa Hot-summer humid continental climate
RESULTS

Hourly outdoor air exchange rates

Figures 1 show the houtly outside air (OA) exchange rate in air change per hour (ACH) for high (0.8 ACH) and low
(0.35 ACH) infiltration scenarios. Even though the study used the same ELA for each scenario in all 3 cities, as calculated
using Eq. 1, the hourly OA infiltration rate varies at different locations depending on environmental factors, such as
OA temperature and windspeed. Among the three cities considered in the study, Phoenix has the lowest wind speed

and outdoor-indoor temperature difference, therefore, ACH is the lowest in Phoenix.
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Figure 1. Hourly OA infiltration rate for a) High infiltration (0.8 ACH) and b) Low infiltration (0.35 ACH) SFHs modeled

in this study.

The annual average OA infiltration rate of the modeled SHF in Phoenix is 0.3 ACH and 0.68 ACH for low and high



infiltration scenarios, respectively. Minneapolis has the highest windspeed and outdoor-indoor temperature difference,
therefore, its annual average OA infiltration rate is 0.48 ACH and 1.1 ACH for low and high infiltration scenarios,
respectively. In the case of Seattle, these values are 0.40 ACH and 0.92 ACH for low and high infiltration scenarios,
respectively. In contrast, the DOAS delivers OA at a constant 0.04342 m?/s rate (which corresponds to 0.32 ACH).
Together with the 0.03 ACH OA infiltration, the total OA ventilation rate is 0.35 ACH, which meets the minimum
ventilation requirement recommended by ASHRAE 62.2 (2016). It is interesting to observe that the pattern of both
graphs is the same, even though the magnitude of OA infiltration is almost doubled in the house with larger leakage
areas, see Figure 1. The fluctuation of outdoor air conditions will be minimal for the SFHs with DOAS.

Impact of air sealing on GSHP energy usage

Figure 2 shows the reduction in cooling and heating electricity consumption of the GSHP system by reducing the
infiltration rates from high infiltration (0.8 ACH), which is the average of existing SFHs in the US (Margaret et al., 2022),
to low infiltration (0.35 ACH). Reducing OA infiltration results in a decrease in electricity consumption for space cooling
in hot climate zones like Phoenix. However, in colder regions (e.g., Minneapolis), because OA temperature is relatively
low in summer, especially in the evening, OA infiltration can help cool the building. Therefore, reducing OA infiltration
will increase electricity consumption for cooling. It should be noted that, although cooling electricity consumption is
increased in colder regions, the absolute value of cooling electricity consumption is small, as shown in Figure 2a. On
the other hand, reducing OA infiltration always reduces the need for heating and the reduction is more significant in
colder regions. It is interesting to observe in Figure 2b that although the percentages of heating electricity reduction are
similar in Minneapolis and Seattle, the absolute value of heating electricity savings is doubled in Minneapolis (cold
climate) when compared with that in Seattle (moderate climate) due to high heating demand in Minneapolis. In the case
of Phoenix, even though the annual average OA infiltration rate in the Low infiltration scenario is lower than that of
the DOAS scenario, the OA infiltration during peak cooling hours (when indoor-outdoor air temperature difference is
high) in the Low infiltration scenario is higher than the constant OA rate delivered with the DOAS. Therefore, the
controlled ventilation of DOAS results in lower cooling electricity consumption. Similarly, the controlled ventilation
with DOAS saves more heating energy than just reducing air leakage (i.e., low infiltration scenario) at all three locations
as shown in Figure 2b.
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Figure 2. Reduction in a) cooling and b) heating electricity consumption by reducing infiltration from 0.8 ACH to 0.35 ACH
(percentage reductions of electricity consumption for heating or cooling are shown as data labels).

Impact of air sealing on required capacity of GSHP system

Figure 3 shows the absolute values and reduction percentages of the required GSHP capacity by reducing OA
infiltration. The required capacity of a GSHP system is determined by the maximum cooling/heating demand that the
system needs to meet. Therefore, the role of air sealing will be dependent on the difference between OA temperature,
indoor temperature setpoint, and wind speed at the peak period. As a result, for typical houses with high infiltration (0.8
ACH), their GSHP capacity needs to be higher in colder regions than in hotter regions. For instance, for Pheonix (hot
region), the required capacity of GSHP is 10 kW, but for Minneapolis (cold region), the required capacity needs to be
21 kW to maintain the thermostat setpoint. However, for both low infiltration (0.35 ACH) and DOAS (0.35 ACH)
scenarios, the GSHP system capacity needs to be higher in Phoenix, than that of Seattle and Minneapolis. This is
because, once the OA infiltration is reduced, the heating demand reduces steeply than the cooling demand (as shown
in Figure 2), which is determined mostly by the internal heat gain and solar radiation. Therefore, for SFHs with low
infiltration, the cooling demand will play a more important role in deciding the required capacity of the GSHP system
than the heating demand at the three cities investigated in this study. As a result, if the SFH is leaky (e.g., with 0.8 ACH
OA infiltration), the required GSHP system capacity in the colder region (Minneapolis) is more than double that in the
hot region (Pheonix), however, for SFHs with controlled ventilation to provide minimum allowed OA, the required
GSHP system capacity in the cold region is 25% lower than that in a hot region.
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Figure 3. Requited GSHP capacity resulting from various OA infiltration/ventilation levels (percentage reductions from 0.8
ACH are shown as data labels).



Impact of air sealing on required borehole length

Figure 4 shows the absolute values and percentage reduction of the required borehole length in various OA
infiltration/ventilation scenarios. The results show that the required borehole length is in general longer in the hot
region than in cold or moderate region (for the investigated cities in this study), mainly due to higher undisturbed ground
temperature and the significantly imbalanced thermal loads (much more heat is rejected in the ground that extracted
from the ground on annual basis) in Phoenix, as shown in Table 2. In this case, more borehole length is needed for
transferring more heat to the ground within the design temperature range of the GHE (e.g., lower than 35°C). For the
cold city (Minneapolis), the results show that the percentage reduction of heating electricity consumption and the
required GSHP capacity and borehole length are similar (see Figures 2, 3, and 4) for both the DOAS scenario (~70%)
and the low infiltration scenario (~45%). In the case of moderate climate (Seattle), we could observe a significant
reduction in heating electricity usage from Figure 2b--71% reduction in the DOAS scenario and 45% reduction in the
low infiltration scenario. But overall borehole length reduction is only between 30% to 35%, which is thought to be due
to the increase in cooling needs, as shown in Figure 2a. In the case of hot city (Phoenix), the results showed a
considerable reduction in the required borehole length in both the DOAS scenario (23%) and low infiltration scenario
(18%).
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Figure 4. Required GHE borchole length while changing infiltration (percentage reductions from 0.8ACH are shown as data
labels).

CONCLUSION

This study quantitively compared the benefits of combining air sealing with the GSHP system. The results from this
study show that air sealing can reduce the required GSHP capacity and borehole length to meet the year-long heating
and cooling demands of SFHs. In the case of space heating, reducing air infiltration can reduce electricity consumption
in all three climate zones investigated in this study. For space cooling, reducing air sealing can reduce electricity
consumption only in hot regions, in cold regions cooling electricity consumption will increase due to the reduced free
cooling from OA infiltration. However, the magnitude of the increase in cooling electricity consumption in moderate
and cold regions is significantly smaller than the savings in heating electricity consumption. Therefore, combining air
sealing with a GSHP system can reduce electricity usage, the required GSHP capacity, and the required borehole length.
The next step of this study is to conduct an economic analysis accounting for the initial cost of the GSHP unit, drilling
cost, and lifecycle operating cost. This economic analysis is expected to answer whether combining air sealing will make
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the GSHP system more cost-effective.
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