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Abstract: This paper evaluates the energy performance of shallow ground source heat pumps using
the state-of-art whole building energy simulation tool. In particular, the paper presents a systematic
and easy to implement approach to model the energy performance of shallow and helical ground
heat exchangers and assess their energy efficiency benefits to heat and cool buildings. The modeling
approach is based on the implementation of G-functions, generated using a validated numerical
model, in a state-of-art whole building energy simulation tool. Both the numerical model and
the simulation tool are applied to assess the energy performance of various shallow geothermal
systems designed to meet heating and cooling needs for detached single-family homes in California.
Specifically, a series of sensitivity analyses is conducted to determine the energy performance of the
shallow geothermal systems in 16 locations representing all California climate zones. It is found
that the suitability and the efficiency of the shallow geothermal systems vary widely and depend
on several factors including their design specifications as well as the climate conditions. Compared
with conventional air-to-air heat pumps, the shallow ground source heat pumps can be more energy
efficient in most climate zones in California except those locations with extreme weather conditions
resulting in either heating or cooling only operation. Moreover, configurations of shallow ground
source heat pumps with 16 boreholes with 6.7 m (22 ft) depth are found to be cost-effective in several

California climate zones.

Keywords: energy efficiency; residential building; shallow ground source heat pump; vertical
boreholes

1. Introduction

Ground medium with its deep temperature that remains constant throughout the
year has a large capacity to store heating and cooling energy. Thus, the ground has been
utilized to passively heat and cool dwellings by several civilizations over thousands of
years [1]. More recently, the ground is used as a heat source and sink for ground source
heat pumps (GSHPs) to heat and cool buildings [2]. Indeed, GSHPs transfer heat from
the ground medium to the building during heating modes but operate in reverse by
extracting heat from the building indoors to release it into the ground during cooling
modes. Effectively, GSHPs utilize renewable energy stored within the ground medium to
meet the heating and cooling needs of buildings. Moreover, GSHPs have several advantages
when compared with conventional mechanical heating, ventilating, and air conditioning
(HVAC) systems [2,3]. Some of these advantages include lower operating and maintenance
costs, quieter operation, and low environmental impact. It is estimated that GSHPs use
one unit of electricity to transfer five times the equivalent heat units from the ground [3].
For space cooling applications, the performance of GSHPs is characterized by their electric
efficiency ratio (EER) that can exceed 24, or twice that of conventional air-conditioning
systems. As a result, the energy demands and thus the operating costs and greenhouse
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emissions of GSHPs are generally lower than those incurred by other conventional HVAC
systems [4—6]. In particular, GSHPs can reduce by 50% HVAC energy consumption when
compared with conventional systems [4].

Many studies and analyses have been reported worldwide to optimize the design con-
figurations and evaluate the benefits associated with GSHPs [7]. For instance, Ma et al. [8]
evaluated the energy and environmental benefits of the GSHP in the Wuhan region for
summer conditions. Their study indicated that GSHPs reduce by 43.9% annual energy for
heating and cooling end-uses when compared with conventional coal-fired boilers and
water-cooled chillers. Similarly, Michopoulos et al. [9] have evaluated the energy, environ-
mental and economic benefits of GSHP installations for residential homes in Cyprus. The
analysis was carried out using a whole-building energy simulation tool to compare the
performance of the conventional systems with the vertical GSHPs as well as of water-to-
water heat pumps. More recently, GSHPs with very deep boreholes using 1500 m to 3000 m
wells have been proposed since they require significantly less land and more effectively
utilize deep soil stored energy than the systems with typical borehole depths of 100 m to
150 m [10,11]. The energy performance of these deep GSHPs have been evaluated using
numerical models that were experimentally validated [12,13]. These models have been
utilized to determine the design and operating parameters that most affect the energy
efficiency of deep GSHPs [14]. The results of reported studies for systems with both typical
and deep boreholes show that the implementation of GSHPs results in a decrease in energy
consumption and an increase in economic benefits for favorable locations. While most
of the studies have confirmed the high energy efficiency potential of GSHPs compared
with conventional heating and cooling systems, they noted that the high installation costs
represent the main hindrance to their wide penetration for several regions of the world
including the U.S. [15,16]. Indeed, the drilling cost for the deep vertical boreholes can be a
significant factor that affects the cost-effectiveness of GSHPs to be viable options for heating
and cooling buildings [17-19]. In the U.S,, the drilling cost for a single GSHP borehole is
estimated to be USD 49/m (USD 15/ft) of depth [6]. Therefore, the drilling costs for merely
two 60 m (200 ft) boreholes for a typical U.S. dwelling requiring 2 tons of cooling can cost
up to USD 6000.

Alternatives to GSHPs have been proposed to reduce the drilling costs of deep bore-
holes for both residential and commercial applications. In particular, thermal piles or
thermos-active foundations (TAFs) have been considered mainly for commercial build-
ings with ground heat exchanger loops that are integrated with the building foundations,
eliminating the need to dig for separate GSHP boreholes [20]. Most TAFs consist of heat
exchanger loops attached to reinforcement cages of drilled or augured foundations [21,22].
Small diameter TAF tubes are typically utilized to maximize the number of heat exchanger
loops per foundation [23,24]. Several studies have evaluated the energy efficiency potential
and the techno-economic performance of these systems [25-29]. TAFs have been deployed
in several high-rise buildings especially in Europe and Asia but have been rarely installed
in the U.S. due to concerns about the structural integrity of the foundations as well as
limited data about their energy performance and cost benefits [30].

For residential buildings, shallow GSHPs or S-GSHPs have been considered as a
possible alternative to deep borehole GSHPs. S-GSHPs have shallow boreholes with the
depth ranging between 3 m to 9 m (i.e., 10 ft to 30 ft) to reduce the drilling costs and avoid
excavation through bedrocks, water tables, and other geological features [31]. Only limited
analyses have been reported in the literature to determine the best design configurations
as well as the cost benefits of S-GSHPs. Most of these analyses are based on numerical
modeling of S-GSHP systems using helical heat exchangers to evaluate their energy per-
formance [31-40]. For instance, a CFD-based analysis has demonstrated that the helical
shape is the optimal configuration for the ground heat exchanger to maximize the heat
extraction rate and minimize borehole depth [31]. Another CFD-based model has been
developed and validated using laboratory data for a simplified ground heat exchanger
set-up [32]. A finite-element numerical model for a helical heat exchanger is developed
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and validated using field data obtained for one borehole and nine spiral heat exchanger
loops [33]. Recently, a simplified one-dimensional model has been developed and validated
for a shallow helical ground heat exchanger system that is combined with phase change
materials to form an underground thermal battery [34]. Moreover, a numerical analysis
based on conduction-resistance modeling, referred to as the CaRM model, has been devel-
oped to compare the energy performance of helical ground heat exchanger loops with those
using double and triple U-tubes and concluded that helical loops have the highest energy
performance [38]. The numerical model has been adjusted and compared with CFD analy-
sis results as well as measured data obtained from the standalone ground heat exchanger
borehole [39]. The reported analyses suggest that helical-shaped ground heat exchangers
can be used as alternatives to conventional U-tube ground heat exchangers to reduce the
required borehole depth and consequently lower the installation costs of GSHPs [40]. In
a recently reported study, the CaRM model is utilized to assess the cost-effectiveness of
S-GSHPs for a housing unit located in two locations in California [41]. The analysis utilizes
heating and cooling loads estimated without any HVAC system to estimate the energy
demand for the S-GSHP and thus ignores the thermal interactions between thermal loads
and heat pump operation. The analysis results show that the S-GSHPs can save about 28%
of electricity demand compared with air-to-air heat pumps for both considered locations.
However, the analysis indicates that the cost of S-GSHPs has to be reduced by at least 22%
to be cost-effective compared with rooftop PV systems [41,42].

While there are several numerical models developed for S-GSHPs, no integrated
analysis is carried out to assess the performance of S-GSHPs as part of a whole-building
simulation tool. Moreover, no detailed analyses based on whole-building performance
have been reported in the literature to determine the optimal design configurations to
maximize the energy efficiency and cost benefits of S-GSHPs, especially for U.S. residential
buildings. In fact, the state of California has a low rate of adoption of GSHPs despite
having the most aggressive U.S. energy standards [6,32]. The study described in this
paper aims to demonstrate the application of a new modeling approach that can be readily
applied to optimize the design configuration and evaluate the cost-effectiveness of S-GSHPs
when deployed to any building and any climate. The modeling approach is based on the
integration of the G-functions using the results of numerical modeling of helical ground
heat exchangers into a whole-building simulation engine.

Specifically, this paper presents an integrated modeling approach to evaluate the
energy performance and the economic feasibility of S-GSHPs to heat and cool residen-
tial buildings in 16 climate zones of California. First, the modeling analysis approach
is described including the building simulation analysis tool and prototypical detached
single-family home characteristics as well as the G-function concept used to model the
performance of S-GHSPs. Then, the energy performance of the S-GSHPs is compared with
that of the air source heat pumps considered as the baseline systems to heat and cool resi-
dential buildings in California. A series of sensitivity analyses is conducted to determine
the impact of various design and operating conditions on the performance of S-GSHPs
including soil and grout thermal properties as well as borehole depths. Finally, an economic
assessment is carried out based on the life-cycle cost analysis method to determine the
specific climate zones in California where S-GSHPs can be cost-effective options as heating
and cooling systems for residential buildings.

2. Analysis Approach

This section outlines the modeling methods used to assess the energy performance of
S-GSHPs for residential buildings in various climate zones of California. Figure 1 illustrates
the analysis approach steps considered in this study including data collection for modeling
the prototypical residential building as well as associated baseline HVAC and S-GSHP
systems, followed by calculations of the G-functions for various S-GSHP options considered
in this study. Then, a detailed energy analysis of the residential building considered in
this study is conducted using the baseline HVAC and S-GHSP systems with the final step



Energies 2022, 15, 1025

4 of 25

consisting of evaluating the cost-effectiveness evaluation of deploying S-GHSP instead of
the baseline HVAC system.

the S-GSHP and Building Model

CaRM Tool Adjustment of EnergyPlus Simulation
(Generate G-functions) ‘ G-functions - (Estimate Energy Demands)
[Use Eq. (8)]
Economic Analysis

(Cost-Benefit Evaluation of S-GSHPs)

[ Design and Operating Parameters for ]

Figure 1. Analysis approach considered to assess the cost-effectiveness of S-GSHP systems.

In this section, the specifications of the residential building used in the analysis are
first described. Then, the characteristics of the climate zones considered in the analysis
are summarized. Finally, the S-GSHPs thermal modeling using G-functions technique is
detailed. The economic analysis and its results are presented in Section 4.

2.1. Building Energy Model

The analysis considers the impact of using shallow ground source heat pumps (S-GSHPs)
on heating and cooling energy end-uses for a prototypical detached single-family home located
in various locations representative of California climate zones. The home has two stories
with a total conditioned area of 233 m? (2400 ft?) with a window-to-wall ratio of 15% [43].
Figure 2 shows a three-dimensional rendering of the two-story home model and Table 1
summarizes the main features of the home model considered in EnergyPlus, a state-of-the-art
whole-building energy simulation tool used to perform the analysis [44]. The baseline heating
and cooling system for the home consists of a direct expansion unitary air-to-air heat pump.
All the energy end-uses including those related to lighting, appliances, and HVAC systems
are estimated by the simulation tool on any desired time step basis including annual, monthly,
hourly, and even sub-hourly [44].

Figure 2. Rendering of the detached home model used in this study.
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Table 1. Basic features of the detached home model used for the simulation analysis.

Building Characteristic Value

General Home Dimensions

Conditioned floor area 2399 ft2 (222.9 m?)

Roof area 1270 ft2 (117.5 m?)

Number of stories 2

Window-to-wall ratio 0.15
Wall Area by Orientation

North 569.2 ft2 (52.8 m?)

East 421.8 12 (39.1 m?)

South 569.2 ft2 (52.8 m?)

West 421.8 12 (39.1 m?)
Foundation Type Slab-on-grade
Effective Air Leakage Area

Living space 37.7 ft2 (3.5 m?)

Attic 16.6 ft2 (1.5 m?)
Lighting and Appliances

Lighting power density 0.19 W/ft? (2.0 W/m?)

Equipment power density 0.46 ft? (5.00 W/m?)
HVAC System Type Air-to-Air Heat Pump
HVAC System Efficiency

COP heating 42

COP cooling 39

2.2. California Climate Zones

The simulation analysis for the energy performance of the shallow GSHPs is carried
out for 16 locations to represent the California climate zones as depicted by the map of
Figure 3 [45]. The annual heating and cooling degree days for the selected 16 Californian
locations are summarized in Table 2. As noted in Table 2, California includes a wide
spectrum of climatic conditions ranging from cold (Arcata and Mount Sasha) to hot (Impe-
rial) weather. However, most zones in California exhibit mild climates with both cooling
and heating thermal needs with some dominance of cooling requirements especially for
buildings with significant internal loads.

Figure 3. Map for the 16 climate zones for California [45].



Energies 2022, 15, 1025

6 of 25

Table 2. Summary of annual heating and cooling degree days for 16 locations representative of
California climate zones based on 18 °C (65 °F).

Location HHD (18 °C) CDD (18 °O) HHD (65 °F) CDD (65 °F)
Arcata 2631 0 4999 0

Burbank Glendale-Pasadena 668 861 1269 1636
China Lake 1317 1694 2502 3219
Fresno Yosemite 1104 1431 2098 2719
Fullerton Municipal Airport 524 833 996 1583
Imperial 477 2436 906 4628
Long Beach-Daugherty 647 458 1229 870
March AFB 1180 908 2242 1725
Mount Shasta 3033 339 5763 644
Oakland Metropolitan 1400 75 2660 143
Red Bluff Municipal Airport 1306 1262 2481 2398
Sacramento Executive Airport 1260 702 2394 1334
San-Diego-Lindbergh 516 462 980 878
San Jose International Airport 1296 159 2462 302
Santa Maria Public Airport 1394 69 2649 131
Santa Rosa 1580 227 3002 431

2.3. Helical S-GSHP Modeling

There are two main components of a typical ground source heat pump including the
interior equipment and the ground heat exchangers also referred to as ground heat exchange
loops. The interior equipment consists of the heat pump and associated distribution systems
to provide heating and cooling to the house, while the ground heat exchange loops are
designed to extract or reject heat with the ground medium. For most GSHPs, vertical
boreholes are used for the ground heat exchange loops rather than horizontal loops due
to their higher energy performance. Specifically, vertical GSHPs use U-tube ground heat
exchangers to extract and reject heat between the ground the fluid circulating in the loops.
Typically, conventional U-tube vertical GSHPs have eight to ten boreholes that have single
or double U-tubes carrying working fluid to exchange heat with the ground. Each borehole
consists of a U-tube of 2040 mm diameter and a length of 20-200 m depending on the
depth of the borehole.

For this study, a closed-loop helical ground heat exchanger placed in a very shallow
vertical borehole as depicted in Figure 4a is considered for the analysis instead of the
conventional U-shaped borehole heat exchanger shown in Figure 4b. The helical shallow
pipe has an inside diameter of 17.3 mm and an outside diameter of 22.2 mm with a pitch of
0.2286 m. For the conventional U-Tube GSHPs, the diameter of the borehole ranges typically
between 0.1 m and 0.2 m. However, for the helical heat exchangers used in this analysis,
the diameter of the borehole is considered to be 0.914 m to reduce thermal interactions
between loops. The depth of the borehole for the S-GSHP used in this analysis is set to
be 22 ft (6.7 m) or 13 ft (3.96 m) depending upon the S-GSHP design configuration [40,41].
Moreover, the depth of the head at the top of the borehole is set to be 1 m below the ground
in the analysis performed for this study.

The specific characteristics of the ground heat exchanger along with the site-specific
soil thermal properties are used with the CaRM model (conduction resistance model)
developed by Zerella et al. [26,30] to determine the G-function coefficient for the S-GSHPs.
As noted earlier, the CaRM model has been extended and validated using experimental data
to evaluate the energy performance of S-GSHPs [41]. Specifically, the CaRM model uses
the thermal network solution technique to model the dynamic process of heat exchange
between the borehole heat exchanger and the ground. The CaRM can model the impact
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of the thermal properties of the ground medium including subsoil and grout layers on
the thermal performance of the helical ground heat exchangers. The output variables that
can be obtained from the CaRM model include the inlet and the outlet temperature from
the ground heat exchanger and the average temperature along the borehole wall. These
output parameters are then utilized to calculate the G-functions required as an input for
EnergyPlus simulation analysis [43].

[
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Figure 4. Vertical heat exchangers for (a) helical loop (b) conventional U-tube.

G-functions consist of long-term and short-term response factors that are often used
to model the thermal performance for GSHPs [46-48] and TASFs [49-51] integrated within
whole-building simulation tools such as EnergyPlus [43]. Specially, the G-functions can
be applied to model the thermal performance of any ground heat exchanger to relate the
borehole wall temperature, Ty, to the ground temperature, T, and the time variation of the
thermal load, Aqyj [46]:

N-1
Ty =Tg+ Y Gy(r,0,t —jAt)-Aqy, 1)
i=1

For this study, an analytical model helical ground heat exchanger part of the CaRM
model is used to compute G-functions that, instead of Equation (1), connect the fluid and
ground temperatures [52]. The G-function coefficients, Gf, connecting the fluid temperature
Tf, to the ground temperature, T, are defined as follows [52]:

N-1
Tf =Ty + Z; Gy(r,0,t — jAt)-Agy 2)
]:

In Equation (2), (r,0) are the cylindrical coordinates, ¢ is the time, and j is the counter
for the time step At. For the simulation tool, EnergyPlus, the G-functions are response
factors that connect the borehole wall temperature, T}, to the ground temperature, Tg, and
is denoted as G;, and defined as [43]:

N-1
T, = Tg + Z Gy(r,0,t —jAt)~Aql/j 3)
=1

where, Ag; is the thermal load at time step j.

Moreover, the fluid temperature, Ty is related to the borehole wall temperature, Tj,
and the thermal load, g;, through the effective fluid to borehole wall thermal resistance,
Rep [53]:

Tr=Tp+q1Rep 4
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The calculation of R, }, involved three main thermal resistances including the fluid
convection, the pipe thermal resistance, and the backfill thermal resistance as detailed
in [40]. Based on Equation (4), the following equation can be set:

N-1
Tr=Tp+qRep =Tg+ Zi Gp(r,0,t — jAL)-Aqyj+ 91 Rep ®)
]:

However, using the Hessian function, He [He(t) = 1if t > 0 and He(t) = 0if t < 0], Aq),
can be expressed as:

N-1
Aqi(t) = ) He(t — jAt)-Aqy (6)
=
Thus,
N-1
Tf =Ty + 21 (G (r,0,t — jAt) + He(t — jAt)-R,p] Agy @)
j=

Since Gy has been estimated, the proper G-function used by EnergyPlus can be deter-
mined by using the formula:

Gp(r,0,t — jAt) = Gg(r,0,t — jAt) — He(t — jAt)-R,, ®)

Based on Equation (8), the G-function coefficients can be calculated for a different
number of boreholes for the S-GSHPs. Figure 5 illustrates the G-functions determined for
two borehole depths of S-GSHPs and three soil types. The G-function coefficients are then
used as the response factors to model S-GSHPs in EnergyPlus [44].

G-functions for depth =22 ft (6.7 m)

3.0 .
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G-functions for depth = 13 ft (3.96 m)
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Figure 5. G-function coefficients for various soil types specific to S-GHSP with (a) 6.7 m (22 ft) and
(b) 3.96 m (13 ft) deep boreholes.
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3. Discussion of Results

Using EnergyPlus, the house prototypes located in the 16 CA locations are modeled
using the baseline heating and cooling system as well as the S-GSHP using the G-function
coefficients that have been generated using the CaRM numerical model for various borehole
field design configurations and soil thermal properties. In this study, water—propylene
glycol (15% by volume), with the thermophysical properties listed in Table 3, was used as a
working fluid for the ground heat exchanger [40].

Table 3. Thermophysical properties of the working fluid used for S-GHSP analysis.

Property at 68 °F (20 °C) Value IP (SI)
Density 63.85 Ib/ft> (1023 kg/m3)
Thermal conductivity 0.30 Btu/hr.ft. °F (0.518 W/m-K)
Specific heat 0.928 Btu/Ib. °F (3.885 kJ /kg-K)
Viscosity 1.45 cp (143 x 1072 Pa-s)
Freezing temperature 22.0 °F (=5.5°C)
Boiling temperature 215 °F (102 °C)

3.1. Baseline and S-GSHP Energy Performance

In this section, the heating and cooling energy end uses are compared with the baseline
air-to-air heat pumps and the S-GSHP systems. For this comparative analysis, the same
design settings are assumed for all the locations specific to the S-GSHP including 64 bore-
holes with 6.7 m (22 ft) depth. This setting is considered to ensure that the refrigerant fluid
operates within acceptable temperatures for all the 16 California climate zones. It should
be noted that this S-GSHP configuration may not be the optimal design specifications
for all locations as demonstrated in the sensitivity analysis outlined in Section 3.2 and
the cost-benefit analysis summarized in Section 4. Figure 6 illustrates the heating and
cooling thermal loads experienced for one winter week (Figure 6a) and one summer week
(Figure 6b) by the baseline and S-GSHP systems for a house located in Sacramento. As
expected, the heating thermal load occurs during the winter and is higher during nighttime
hours when the outdoor temperature is reduced. Similarly, the cooling thermal loads are
higher during late afternoon hours during the summer when the house is occupied, and
the outdoor temperatures are highest.

Figure 7 summarizes the comparative analysis of both heating and cooling annual
energy end uses between the baseline and S-GSHP systems. As expected, the heating
and cooling energy consumptions vary significantly and depend on the climate for each
location characterized by its heating and cooling degree days listed in Table 2. In particular,
the heating energy use is highest when the house is located at Mount Sasha (with the
highest HDD) and lowest at Imperial (with the highest CDD). Conversely, the cooling
energy use is highest at Imperial featuring the hottest climate in California. As indicated
by the results shown in Figure 7, the S-GSHP consumes less energy for both heating and
cooling except for a few locations typically with extreme weather conditions or high deep
ground temperatures. When energy end uses for both heating and cooling are added, the
S-GSHP consumes less HVAC energy compared with the baseline system in all 16 locations
with varying degrees of potential savings as illustrated in Table 4. In particular, the annual
energy savings between 12.7 % and 32.9% is achieved when S-GSHP is used instead of
the baseline heating and cooling system (i.e., air-to-air heat pump). In most locations, the
annual energy savings attributed to S-GSHPs range between 20% and 30%. Better energy
and cost benefits could be achieved when the S-GSHP design specifications are optimized
as will be discussed in the following sections.
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Figure 6. Hourly variations for outdoor and indoor temperatures as well as heating and cooling
thermal loads for (a) one winter week (i.e., 1-7 January) and (b) one summer week (i.e., 15-22 July)
for both baseline and S-GSHP systems for a house in Sacramento.
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Figure 7. Comparison of annual (a) heating and (b) cooling electricity end uses associated with
baseline and S-GSHP systems for 16 California locations.
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Table 4. Annual combined heating and cooling energy consumption for both baseline and shallow
GSHP systems for all California locations.

Location Baseline (kWh) S-GSHP (kWh) Percentage Savings (%)
Arcata 1822.21 1315.72 27.8
Burbank 3945.33 3401.37 13.8
China Lake 6920.09 4702.21 32.0
Fresno 5375.82 4417.07 17.8
Fullerton 374141 3265.95 12.7
Imperial 7371.03 5816.23 21.1
Long Beach 2756.57 2181.66 20.9
March AFB 4591.56 3500.55 23.8
Mount Shasta 4074.57 3351.13 17.8
Oakland 2378.66 1665.80 30.0
Red Bluff 6005.52 4296.28 28.5
Sacramento 4549.51 3327.88 26.9
San Diego 2767.84 2366.08 14.5
Santa Rosa 3659.72 2455.14 329
San Jose 2630.96 1946.31 26.0
Santa Maria 2532.28 1738.20 314

3.2. Sensitivity Analysis

Several factors can affect the performance of S-GSHPs to adequately heat and cool
buildings including the prototypical house of Figure 1 considered in the study. Indeed,
the limited depth of ground-coupled boreholes results in reduced capacity for the S-GSHP
system to reject and extract heat to the ground medium and thus effectively meet the
building thermal loads. In this section, a series of parametric analyses are presented to
gauge the effects of some design parameters and soil conditions on the performance of
S-GSHPs to meet heating and cooling requirements for the prototypical house in three CA
zones with varying climatic conditions including cold (Arcata), mild (Long Beach), and
hot (Imperial).

3.2.1. Effect of Number of Boreholes

The main design parameter for the S-GSHP is the required number of boreholes to
meet the thermal loads of the house without experiencing significant overheating and
overcooling of the refrigerant fluid circulating in the ground heat exchangers and the heat
pump. Figure 8 illustrates the impact of the number of boreholes with 6.7 m (22 ft) depth
on the annual heating and cooling end uses. Figure 9 summarizes the results in terms of
percent increase relative to the case of 64 boreholes for both heating and cooling energy
end uses associated to the house located in three California locations. A few observations
can be made based on the results of Figures 8 and 9:

e As expected, when the house is in Arcata (cold climate), the heating energy use
is higher than cooling energy consumption. However, when the house is in Long
Beach (mild climate) and Imperial (hot climate), the heating energy use is negligible
compared with the cooling energy demand indicating that the ground can meet any
heating loads for these two locations regardless of the number of boreholes used.

e  The higher the number of boreholes, the lower the energy consumption for both
heating and cooling end uses. Indeed, the increased number of the boreholes allows
the S-GSHP to access higher ground capacity to reject and extract heat. In the cases
of lower number of boreholes (i.e., 8 and 16), the temperature refrigerant within the
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ground heat exchangers may be outside its recommended operating range. The stars
above the bars in Figure 8 indicate cases when the refrigerant temperature is out of the
bounds of the recommended operation range.

e  When the house is in a cooling-dominated climate such as that of Imperial, the number
of boreholes have a significant effect on the energy use of the S-GSHP as illustrated
in Figures 8c and 9. Reducing the number of boreholes from 64 to 32 increases the
cooling energy end use by 21% while lowering the number of boreholes from 64 to
16 increases the annual energy consumption for cooling by 77% with the refrigerant
temperature estimated to be out of the operating range during extended periods.
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Figure 8. Annual heating and cooling electricity end-uses associated with various numbers of
22 ft (6.7 m) boreholes when the prototypical house is located in (a) Arcata, (b) Long Beach, and
(c) Imperial.
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Figure 9. Percent increase relative to the case of 64 boreholes in annual (a) heating and (b) cooling
electricity end uses for various numbers of 6.7 m (22 ft) boreholes when the prototypical house is
located in three California locations.

The main takeaway of this analysis is that the number of boreholes should be ade-
quately selected for each location to avoid operation issues as well as to optimally reduce
the energy consumption of the S-GHSP.

3.2.2. Effect of the Soil and Grout Thermal Conductivity

As well documented in the literature for ground heat exchangers, soil thermal prop-
erties can have a significant effect on the thermal performance and thus the energy use
of the S-GSHP. Figure 10 illustrates the impact of four soil thermal conductivity levels on
the S-GHSP energy performance for both heating and cooling of the prototypical house
located in Long Beach when 32 boreholes are used. For the analysis summarized in Figure 6,
the thermal conductivity of the grout around the boreholes is assumed to be the same as
that of the ground. As shown in Figure 10, the impact of the soil thermal conductivity,
while noticeable, is not significant most likely due to the limited capacity of the ground
medium in contact with the boreholes. It should also be noted that the four values of soil
thermal conductivity considered in the analysis are specific to properties of common soils in
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California [6]. The results indicate that a 50% increase in soil thermal conductivity results in
a 10% reduction in S-GSHP cooling energy consumption for a house located in Long Beach.
Single-Family Home, Long Beach- CA
m Heating = Cooling
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Figure 10. Impact of soil thermal conductivity on annual heating and cooling electricity end uses for
32 boreholes with 6.7 m (22 ft) depth when the prototypical house is located in Long Beach.

In the analysis of Figure 10, the grout thermal conductivity is set to be the same as that
of the soil medium. However, it is highly recommended to improve the performance of
conventional GSHPs to enhance the thermal properties of the grout around the boreholes
to increase heat transfer between the ground medium and the refrigerant. The impact of
enhanced grout thermal properties around the boreholes of the S-GSHP is evaluated as
summarized in Figure 11 using three ratios of grout-to-soil thermal conductivity values of
1, 1.5, and 2 for the case of 16 boreholes with 6.7 m (22 ft) depth. The results of Figure 11
clearly indicate that the grout thermal properties have a significant impact on the operation
and the energy efficiency of the S-GSHP in all three locations considered in the analysis.
Indeed, doubling the grout thermal conductivity compared with that of the soil medium
decreases both annual cooling and heating energy end uses of the S-GHSP by 75% when
the house is located in Long Beach and Imperial. For the case of Arcata, enhanced grout
thermal conductivity decreases the cooling consumption by 14% and the heating by 2.5%.
Moreover, the refrigerant fluid operates within the recommended temperature range for
the cases when the grout thermal conductivity is enhanced, as shown in Figure 11, where
the stars indicate instances where the refrigerant temperature becomes out of the acceptable
operation range.

Single-Family Home, Arcata - CA
mHeating mCooling

1200
1000 * *
800

600 *

400

200

Annual Electricity Use (kWh/year)

1 1.5
Ratio Grout-to-Soil Thermal Conductivity

@)
Figure 11. Cont.
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Figure 11. Impact of grout thermal conductivity on annual heating and cooling electricity end uses
for 16 boreholes with 6.7 m (22 ft) depth when the prototypical house is located in (a) Arcata, (b) Long
Beach, and (c) Imperial.

3.2.3. Effect of Borehole Depth

Two borehole depths are considered in this analysis to evaluate the performance of
S5-GSHP including 4.0 m (13 ft) and 6.7 m (22 ft). The results of the analysis are illustrated
in Figure 12 showing the impact of the depth of 32 boreholes on the annual heating and
cooling energy end uses for the prototypical house located in three CA locations. As
expected, the deeper the boreholes, the more heat exchange capacity is available for the
S-GSHP resulting in lower energy consumption especially for cooling as well as better
operation temperature for the refrigerant. Specifically, increasing the borehole depth from
4 m (13 ft) to 6.7 m (22 ft) decreases annual cooling energy end use of the S-GHSP by 20% for
Arcata, 27% for Long Beach, and 37% for Imperial. The heating energy use also decreases
in all three locations but by merely 4% since the ground even at 4 m (13 ft) has a sufficient
capacity to meet the house heating load.

Table 5 illustrates the performance of S-GSHP and deep GSHP systems when the
house is in Long Beach. A set of combinations for both number and depth of boreholes is
selected for this analysis to meet the heating and cooling thermal loads for the house. It is
clear than only a limited number of deep boreholes for the conventional vertical GSHPs
are needed to meet both the heating and cooling loads and perform similarly and even
better than the shallow GSHPs with 32 boreholes and a depth of 6.7 m (22 ft). Specifically, a
conventional GSHP with only 3 boreholes of 100 m depth consumes 3% less energy to heat
and cool the house than the 32-borehole S-GSHP system.
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Figure 12. Impact of borehole depth on annual heating and cooling electricity end uses for 32 bore-
holes with 6.7 m (22 ft) depth when the prototypical house is located in (a) Arcata, (b) Long Beach,
and (c) Imperial.

Table 5. Annual heating and cooling energy end uses for both deep and shallow GSHP systems when
the house is located in Long Beach.

Annual Energy Use (kWh/Year) Percent Difference Relative to

GSHP Type Bogllll(r:ll:se/;) oefp 0 32/6.7 m S-GSHP Case (%)
Heating Cooling Heating Cooling

32/6.7m 97.4 2420.6 0.0% 0.0%

Shallow 16/6.7 m 97.5 3054.2 0.1% 26.2%

32/4.0m 98.4 3051.2 1.1% 26.1%

2/75m 93.5 3253.8 —4.0% 34.4%

Deep 4/75m 95.4 2429.8 —21% 0.4%

2/100 m 95.4 2686.9 —2.0% 11.0%

3/100 m 95.8 2345.4 —1.7% —3.1%
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4. Cost-Effectiveness Analysis

In this section, a cost-benefit analysis is conducted for S-GSHP configurations using
two borehole depths. First, the installation costs for S-GSHP systems are estimated for
two depths of the ground heat exchangers. Then, the energy savings associated with
the deployment of S-GSHP instead of the baseline system HVAC are estimated. Finally,
results of the life-cycle cost analysis are summarized to estimate the cost-effectiveness of
the S-GSHP compared with baseline HVAC systems for all California climate zones.

4.1. Installation Costs of S-GSHP Systems

The installation costs of the S-GSHP systems are estimated based on reported data
as detailed in Tables 6 and 7 respectively for 6.7 m (22 ft) S-GSHPs and 4.0 m (13 ft)
configurations [54,55]. For these cost estimates, 4-ton capacity for the heat pumps is
assumed in order to meet the heating and cooling loads for the prototypical single-family
home considered in this study. Specifically, the cost of the heat pump is estimated to be
USD 3000 [55] for all California locations.

Table 6. Total cost of S-GSHP systems using 6.7 m (22 ft) deep boreholes.

Number of Boreholes

Cost Breakdown

16 24 32 40 48
Heat pump equipment 3000 3000 3000 3000 3000
Borehole drilling 1056 1584 2112 2640 3168
Heat exchanger material 2800 4200 5600 7000 8400
Eﬁﬂeﬁﬁr}f@lﬁﬁf? heat 230 346 161 576 691
Total installation cost 7086 9130 11,173 13,216 15,259
Federal tax credit (26%) 1842 2374 2905 3436 3967
Total cost (after tax credit) 5244 6756 8268 9780 11,292

Table 7. Total cost of S-GSHP systems using 4.0 m (13 ft) deep boreholes.

Number of Boreholes

Cost Breakdown

16 24 32 40 48
Heat pump equipment 3000 3000 3000 3000 3000
Borehole drilling 720 1080 1440 1800 2160
Heat exchanger material 2560 3840 5120 6400 7680
Ifg;‘f}‘f;igr{foﬁgﬁgf;: heat 230 346 161 576 691
Total installation cost 6510 8266 10,021 11,776 13,531
Federal tax credit (26%) 1693 2149 2605 3062 3518
Total cost (after tax credit) 4818 6117 7415 8714 10,013

For the boreholes, the cost of drilling 6.7 m (22 ft) boreholes is estimated to be USD
66 per borehole while the cost for drilling 4.0 m (13 ft) boreholes is USD 45 /borehole [54].
Moreover, the cost of the heat exchanger coils are determined to be USD 175/ coil for the
ground source heat-pump [54]. Thus, the total cost of the S-GSHP system depends on the
number of ground heat exchanger loops required. Moreover, the cost of piping required to
connect the various heat exchanger loops and heat pumps is estimated to be $USD 6.6/m
(USD 2/ft). Moreover, the cost estimates for S-GSHPs consider the benefits associated
with the geothermal systems using the federal tax credit of 26% of the total cost of the
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equipment [56]. This tax credit reduces the overall installation costs as indicated in Table 6
for 6.7 m (2 ft) S-GSHPs and Table 7 for 4.0 m (13 ft) S-GSHPs.

4.2. Energy Savings Associated with S-GSHP Systems

To determine the cost-effectiveness of specifying S-GSHP systems to heat and cool
residential buildings in California, the annual energy use reductions relative to the baseline
HVAC systems (i.e., air-to-air heat pumps) are estimated for all California climate zones.
These estimations are carried out using the simulation analysis results for both S-GSHP and
baseline HVAC systems as discussed in Section 3. Several S-GSHP design configurations
are considered in the analysis to account for the number and depth of boreholes. The results
of the analysis are illustrated in Figure 13 showing the variation in S-GSHP energy savings
relative to the baseline with the installation costs when the prototypical house is located
in three California locations including (a) Arcata, (b) Imperial, and (c) Long Beach. The
cost of the baseline HVAC system consisting of a 4-ton air source heat pump is estimated
to be USD 4350 representing the average cost for an efficient heat pump [57]. As noted in
Figure 13, all the S-GSHP configurations save annual HVAC energy consumption for homes
located in Arcata. However, less than half of the S-GSHP configurations result in lower
energy consumption relative to the baseline HVAC system for homes located in Imperial.
For homes located in Long Beach, only one S-GSHP configuration consumes more energy
than the baseline HVAC system.

4.3. Cost-Effectiveness of S-GSHP Systems

A life cycle cost analysis is performed to calculate the net present value (NPV) for
installing S-GSHP instead of the baseline HVAC system for the prototypical house located
in all 16 California climate zones. The NPV-based analysis can assess the cost-benefit of
deploying the S-GSHP systems during their entire life cycle when compared with the
performance of the baseline HVAC systems. The net present value (NPV) for S-GSHP with
a varying number of boreholes is calculated for each location using Equation (9) [58]:

NPV = USPW x AEC — AIC )

where:

e AEC is the annual energy cost savings due to the deployment of S-GSHP instead
of the baseline HVAC system. These savings are estimated based on annual energy
consumption predicted by the simulation analysis as well as the residential electricity
rates specific to the 16 California locations considered in this study [59].

e  AIC is the incremental cost of installing S-GSHP instead of the baseline system (i.e., air
source heat pump) as discussed in Section 4.1.

e  USPW is the uniform series present worth factor expressed by Equation (10):

(1—(+rd)"
rd
where N is the lifetime of the S-GSHP system, assumed to be 30 years in this analysis and

r4 is the discount rate, set to be 5% for the study.

Table 8 summarizes the NPV results specific to 6.7 m (22 ft) S-GSHP design config-
urations for various borehole numbers. In particular, the results of Table 8 indicate that
S-GSHPs are cost effective (i.e., NPV is positive) for locations where energy use savings can
be achieved with a low number of boreholes compared with the baseline HVAC systems.
S5-GSHPs serving homes located in Mount Shasta are cost effective compared with the
baseline HVAC systems regardless of the borehole number. Indeed, an annual energy cost
saving of 20% is achieved by S-GSHP in this location, which compensates for the elevated
installation costs even for large numbers of boreholes. However, these high installation
costs affect the cost effectiveness of S-GSHPs for most California locations. Indeed, S-GSHP
configurations with a borehole number exceeding 32 have negative NPV and thus are

USPW = (10)
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not cost effective for all California locations except China Lake and Mount Shasta. For
example, the deployment of S-GSHPs with 32 boreholes instead of the baseline HVAC
systems for homes located in Long Beach results in 4% energy savings but requires a USD
8000 installation cost, which is almost double the cost of an air-source heat pump. The USD
4000 incremental costs of the S-GSHPs are too high to be recovered by the reduction in
annual energy costs even during a 30-year period.
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Figure 13. Energy savings vs. total cost for various configurations of S-GHSPs for three CA locations.
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Table 8. NPV analysis results for S-GSHP systems with 6.7 m (22 ft) boreholes for 16 California locations.

Net Present Value of Savings (USD)

Location (I%?;trci::tys/iz“/t\fh) Number of Boreholes
16 24 32 40 48

Arcata 15.59 1385 —11 —1498 —2952 —4436
Burbank 14.81 —1459 —1493 —2518 —3693 —4885
China Lake 15.98 461 2230 2079 1027 —22
Fresno 15.59 —3189 —871 —1375 —2556 —3626
Fullerton 15.98 —1421 —1613 —2748 —3873 —5085
Imperial 16.35 —2432 —345 —464 —1420 —2233
Long Beach 15.98 —159 —685 —2004 —3287 —4636
March AFB 15.98 94 159 —780 —2000 —3176
Mount Shasta 13.1 8791 8125 6938 5666 4346
Oakland 15.59 1189 26 —1372 —2748 —4240
Red Bluff 15.59 659 1472 945 —249 —1370
Sacramento 12.39 1768 1300 198 —1140 —2422
San Diego 16.35 —468 —1312 —2568 —3867 —5155
San Jose 15.59 830 —170 —1532 —2873 —4262
Santa Maria 15.59 1394 229 —1135 —2498 —3909
Santa Rosa 15.59 2071 1317 38 —1278 —2606

Note: Bold values indicate positive NPV values.

On the other hand, S-GSHPs with 16 boreholes are cost-effective in most California
locations except for climate zones of Burbank, Fresno, Fullerton, Imperial, Long-Beach,
and San-Diego. For these locations, S-GSHPs do not achieve sufficient annual energy and
cost savings to compensate for the installation costs. Using a similar cost-benefit analysis,
the results indicate that S-GSHPs with a depth of 4.0 m (13 ft) are not cost-effective for
all California locations except Mount Shasta due to the significantly lower annual energy
savings compared with those achieved by the 6.7 m (22 ft) borehole systems as depicted in
Figure 13.

5. Conclusions

In this paper, a systematic modeling approach for ground source heat pumps with
shallow boreholes of less than 10 m is presented and is applied to assess their energy
efficiency benefits to meet the heating and cooling needs of buildings. The modeling is
based on the determination of G-functions estimated using a validated numerical model
for shallow helical ground heat exchangers. These G-functions are then implemented in a
whole-building simulation tool to determine the energy performance and cost benefits of
shallow ground source heat pumps (5-GSHPs) to heat and cool buildings.

In this study, the flexibility of the modeling approach is applied to determine the
optimal designs and cost effectiveness of S-GSHPs when deployed to residential buildings
located in 16 California climate zones. The energy analysis includes the impacts of various
design configurations for S-GSHPs depending on the depth and number of boreholes.
Moreover, the cost benefit analysis assesses the economic feasibility of the S-GSHPs com-
pared with the baseline heating and cooling systems consisting of air source heat pumps.
The analysis results indicate that S-GSHPs can be economically competitive to air source
heat pumps for selected California climate zones. Specifically, it is cost effective to use the
S-GSHP in 10 out 16 California climate zones to provide heating and cooling for single
family homes. In particular, S-GSHPs are better suited for climates where heating and
cooling thermal loads are relatively balanced over the course of a year. In those climates,
S-GSHPs can achieve energy savings when compared with air source heat-pumps, even
with a limited number of ground heat exchangers as low as 16 boreholes. However, the
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highest energy savings for S-GSHPs are achieved for locations with high heating demands
(i.e., Arcata) while locations with dominant cooling needs (i.e., Oakland) exhibit lower
energy reduction compared with the baseline HVAC systems.

Among all the 16 California locations considered in this study, the climate of Santa
Rosa shows the maximum energy savings of 8.42% with a net present value (NPV) savings
of USD 2000 when a S-GSHP with 6.7 m (22 ft) boreholes is used. While, the climate of
Mount Shasta provides the highest NPV savings of USD 8000 for S-GSHP with 24 boreholes.
Although the energy and cost savings are high for Mount Shasta, it should be noted that
the land required to install 24 boreholes is significant. Hence, the feasibility of S-GSHPs
depends not only on their cost-effectiveness compared with other HVAC systems but also
on the availability of land for installing the needed boreholes. For heating- or cooling-
dominated climates such as those of Burbank, Fresno, Fullerton, Imperial, and Red Bluff,
energy savings can be achieved when the number of boreholes exceeds 16; however, due
to the high installation costs, S-GSHPs are not economically feasible. Indeed, the energy
cost savings for these locations are not sufficiently high to overcome the high S-GSHP
installation costs even during a 30-year life cycle. Moreover, the analysis described in
this report clearly indicates that S-GSHPs can be used as cost-effective alternatives to
air-source heat pumps for 10 California climate zones especially when 16-borehole ground
heat exchangers having a depth of 6.7 m (22 ft) are used. In addition, S-GSHPs allow for
the electrification of homes as well as the reduction in carbon emissions when compared
with other conventional heating and cooling systems.

Overall and more importantly, the study has demonstrated the flexibility of the mod-
eling approach based on the G-function techniques and whole-building simulation tools
to determine the annual energy performance and cost effectiveness of shallow helical
ground heat exchangers to heat and cool buildings. While it is applied in this study for the
specific case of homes in California, the presented modeling approach can be used for any
building and location to assess the effectiveness of S-GSHPs as high-performance heating
and cooling systems.
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Nomenclature

Acronyms

CA California

cor Coefficient of performance
CDD Cooling degree days

CFD Computational fluid dynamics
EER Energy efficiency ratio

GSHP Ground source heat pump
HDD Heating degree days

HVAC Heating ventilating and air conditioning
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HVAC
S-GSHP
TAF
Symbols

Tg
USPW

Heating, ventilating, and air conditioning
Shallow ground source heat pump
Thermo-active foundation

G function relating the fluid to the ground
G function relating borehole to the ground
Hessian function

Life cycle (years)

Net present value ($)

Thermal load (W)

Thermal load at time step j (W)

Radius of the cylindrical space variable (m)
Discount rate

Thermal resistance (°C/W)

Time (s)

Fluid temperature (°C)

Ground temperature (°C)

Uniform series present worth factor (years)

Greek Symbols

® Angle of the cylindrical space variable (rad)
AEC Change in annual energy cost ($/year)

AIC Change in implementation cost ($)

Aqq Change in heat transfer (W)

At Time step (s)
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