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PREFACE 

The California Energy Commissionôs (CEC) Energy Research and Development Division 

supports energy research and development programs to spur innovation in energy efficiency, 

renewable energy and advanced clean generation, energy-related environmental protection, 

energy transmission and distribution and transportation.  

In 2012, the Electric Program Investment Charge (EPIC) was established by the California 

Public Utilities Commission to fund public investments in research to create and advance new 

energy solutions, foster regional innovation and br ing ideas from the lab to the marketplace. 

The CEC and the stateôs three largest investor-owned utilitiesðPacific Gas and Electric 

Company, San Diego Gas & Electric Company and Southern California Edison Companyðwere 

selected to administer the EPIC funds and advance novel technologies, tools, and strategies 

that provide benefits to their electric ratepayers.  

The CEC is committed to ensuring public participation in its research and development 

programs that promote greater reliability, lower costs , and increase safety for the California 

electric ratepayer and include: 

¶ Providing societal benefits. 

¶ Reducing greenhouse gas emission in the electricity sector at the lowest possible cost. 

¶ Supporting Californiaôs loading order to meet energy needs first with energy efficiency 

and demand response, next with renewable energy (distributed generation and utility 

scale), and finally with clean, conventional electricity supply. 

¶ Supporting low-emission vehicles and transportation. 

¶ Providing economic development. 

¶ Using ratepayer funds efficiently. 

Low-Cost, Large-Diameter Shallow Ground Loops for Ground-Coupled Heat Pumps is the final 

report for Contract Number EPC-15-019 conducted by University of California, Davis. The 

information from this project contributes to the Energy Research and Development Divisionôs 

EPIC Program. 

For more information about the Energy Research and Development Division, please visit the 

CECôs research website (www.energy.ca.gov/research/ ) or contact the CEC at 

ERDD@energy.ca.gov. 

http://www.energy.ca.gov/research/
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ABSTRACT 

This project developed and validated modeling tools for simulating a ground heat exchanger 

technology that provides a less expensive method for implementing ground -source heat 

pumps and significantly reduces energy use in many California climate zones, furthering 

attainment of Californiaôs energy goals. It is well documented that properly sized and installed 

ground-source heat pumps enjoy higher system efficiencies than conventional air-source 

systems by exchanging heat with the ground rather than with ambient air. Ambient air 

temperatures are hottest when cooling is most required and coldest when heating is most 

required. Exchanging heat with the ground reduces the temperature extremes and improves 

heat pump performance.  

Market adoption of ground-source heat pump technology has been slow largely due to the 

significant cost of installing the ground heat ex changers. This technology generally requires 

drilling deep to place the heat exchanger. Typical California valley soil conditions require 200-

foot-deep bores for each ton of heat pump capacity, so a three -ton system would require 

three 200-foot bores, costing at least $9,000. The large-diameter shallow bore technology 

studied in this project, however, costs roughly one -third the cost of the deep bore technology.  

To evaluate the benefits to California ratepayers, this project performed an analysis using 

EnergyPlus, and considered the effect of using the large -diameter shallow bore ground-source 

heat pump on heating and cooling energy end uses for a prototypical single -family home 

located in each of Californiaôs 16 climate zones. Simulations show a significant reduction in 

energy use for many California climate zones, with an average heating and cooling energy 

savings of 20 percent and 23 percent, respectively. Based on a general cost of $0.20 per 

kilowatt -hour, the annual savings for California ratepayers would be more than $100 for eight 

of the 16 climate zones and more than $300 for climate zone 16.  

Keywords : Ground source heat pump systems, ground heat exchanger, helical shape, 

numerical simulation, computational fluid dynamics, shallow bore hole  

Please use the following citation for this report:  

Harrington, Curtis, Antash Najib, Vinod Narayanan, David Springer, Michael Slater, Peter 

Grant, Ada Liu, James Haile, Moncef Krarti, and Joseph Huang. 2021. Low Cost, Large 
Diameter Shallow Ground Loops for Ground-Coupled Heat Pumps. California Energy 

Commission. Publication Number: CEC-500-2021-XXX. 
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EXECUTIVE SUMMARY  

Introduction  
Ground-source heat pumps take advantage of moderate ground temperatures to reduce 

energy required by pumps to heat and cool buildings. Tradition al air-source heat pumps and 

air conditioners exchange heat with outside air, which is hottest when air conditioning demand 

is high and lowest when heat pump heating demand is high. This leads to inherent inefficiency 

from the large temperature difference between the inside and outside of the building. Ground 

temperatures, on the other hand, have a more stable temperature, which means using the 

ground as a heat sink/source can improve the efficiency of heat pumps.  

Ground-source heat pumps have been around for decades but have traditionally involved 

drilling deep into the earth to place the ground heat exchanger. A demonstration and 

commercialization project co-sponsored by the California Energy Commission, Pacific Gas and 

Electric Company, and the National Geothermal Heat Pump Consortium in the 1990s (the 

California GeoExchange Project) determined that the cost to install vertical ground loops was 

greater than $10 per foot, and costs reported in 2010 were about $15 per foot. For typical 

central valley soil conditions, 200-foot-deep bores are required for each ton of heat pump 

capacity, so a three-ton system would require three 200 -foot bores, costing at least $9,000. 

Installing ground heat exchangers at that depth also requires special equipment for drilling 

and grouting not commonly available in California. Consequently, drillers frequently must 

transport equipment from out of state, adding logistical complications and complexity to using 

this technology. The high cost of ground heat exchangers is the reason this technology is not 

more commonly used.  

This project investigates an alternative ground heat exchanger design that is significantly 

cheaper to install. The large-diameter shallow bore heat exchanger is a helix design that is 

installed at much shallower depths, thus reducing excavation costs. The large-diameter 

shallow bore design has been slow to penetrate the market due to the lack of clear design 

guidelines and modeling tools for simulating performance. 

Project Purpose  
This project developed and validated modeling tools for simulating performance of the large -

diameter shallow bore ground-source heat pump system. These tools enable proper sizing of 

bore hole arrays to optimize performance and installation cost. In addition, accurate estimates 

of performance for a specific design enable calculation of appropriate returns on investment 

relative to other technologies. These tools are expected to improve market adoption of this 

technology by giving installers more confidence in the energy performance of thei r designs. 

Field and lab data were used to validate the models and confirm accuracy. 

Project Approach  
The research team was led by the University of California, Davis Western Cooling Efficiency 

Center, which is part of the UC Davis Energy and Efficiency Institute. Frontier Energy was a 

subcontractor that directed the field and laboratory work, and White Box Technologies, 

another subcontractor, provided guidance on the EnergyPlus simulations. Integrated Comfort 
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is an equipment manufacturing partner that provided expertise on large -diameter shallow bore 

installations and cost.  

An independent technical advisory committee provided input on the research design. The 

technical advisory committee members represented the California Energy Commission, 

academia, and an equipment manufacturer. 

The project included a thorough review of existing research, field data collection, laboratory 

testing, and modeling calibration. 

The literature review considered prior research related to ground -source heat pump 

installations and modeling strategies. This included traditional ground heat exchanger types 

and helical-type (i.e., coil shaped) heat exchangers. Through the literature review, the 

research team discovered previous modeling techniques for shallow, helical ground heat 

exchanger designs. The investigator of that work, Angelo Zarrella from the University of 

Padova in Italy, collaborated with the research team on this project to further improve 

modeling predictions. 

The field testing collected data on three existing large -diameter shallow bore ground-source 

heat pump systems (LDSB-GSHP) to observe the temperature response from the ground heat 

exchangers. The first is the Honda Smart Home, a net-zero energy demonstration house 

located in Davis, California. The second is a small condo building in Davis, California called 

Parkview Place. Finally, the third installation is a single-family house located in Vacaville, 

California. These three sites used similar ground-coupled heat exchangers, with notable 

differences in design. Short-term and long-term testing were conducted to evaluate the 

performance. Data collected on the field test sites primarily consisted of water tem perature 

entering and exiting the bores and water flow rate. Other than the Honda Smart Home, which 

included a significant monitoring system, the field test sites in Northern California could only 

provide minimal information for model validation purposes. It became clear from the field 

testing that known soil properties are extremely important for validating model predictions.  

The laboratory testing for this project was ultimately used for model validation. An 

arrangement of four helical ground heat exchan gers was installed and connected to laboratory 

equipment to provide specific thermal loads to the ground heat exchangers. The arrangement 

enabled testing of multiple bores in common bore hole configurations. The soil properties at 

the laboratory test site as well as the backfill material were tested for thermal conductivity, 

density, and specific heat. The bore field was instrumented with temperature sensors and 

moisture sensors to measure the distribution of temperature in the ground for comparison to 

model predictions. Several lab tests validated the numerical simulation of ground heat transfer 

between a helical ground heat exchanger and the ground.  

Model calibration was performed at multiple points during this project and using multiple 

sources. First, the Honda Smart Home site, which provided the most detailed monitoring 

instrumentation, was used for the initial validation. However, soil thermal properties were not 

known and had to be adjusted from original assumptions. Second, a detailed three -

dimensional computation model was developed to further validate the numerical model using 

the same soil thermal properties. Lastly, the laboratory testing provided a final calibration 

where soil properties were known and model predictions for exiting water temperature from 

the ground heat exchanger and ground temperatures could be verified.  
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Project Results  
The primary objective of this project was to develop tools for simulating large -diameter 

shallow bore ground-source heat pump systems. The capacitance-resistance model (CaRM-He) 

was improved by this effort, enabling better prediction of fluid temperatures in the bore. The 

model developed has shown good agreement with field and laboratory data, providing a 

valuable resource for the industry. The CaRM-He model was used to develop response factors 

(G-functions) for use in open-source software programs such as EnergyPlus, enabling 

practitioners and other stakeholders to perform specific simulations for their projects.  

Validation efforts demonstrated the improve d CaRM-He model agreed with laboratory test 

data. The outlet temperature from the bore was predicted to within 1.8°F (1°C) of the 

measured result in single-bore and multi -bore configurations. This outlet temperature is the 

key parameter affecting heat pump  performance since this is the sink/source temperature 

from which heating and cooling is provided. An accurate outlet temperature provides accurate 

estimates of energy use for a heat pump. As one point of reference, the heat pump equipment 

referenced for the simulations in this project showed that a 1.8°F difference in outlet 

temperature resulted in only a 3.0% difference in efficiency.  

Using the CaRM-He model, parametric simulations were performed to assess the effect on 

heating and cooling energy use when varying design conditions, including number of ground 

heat exchangers, soil thermal properties, bore hole arrangement including spacing and 

configuration, and cost. The simulations were performed in California climate zones 10 and 12 

using building loads generated from CBECC-Res (2013), which is the compliance software used 

by the 2019 California Building Energy Efficiency Standards ï Title 24. Climate zone 10 is in 

Southern California with a reference city of Riverside while climate zone 12 is in the cent ral 

valley with a reference city of Sacramento. The analysis of the two valley climate zones 

indicates that the ground -source system outperformed the air-source system in all 

configurations tested. The parametric analysis found the optimal bore design based on 

installation cost and energy performance. Using the results, the research team calculated the 

cost per kilowatt -hour of electricity saved annually, which was $4.35 and $3.72 per kilowatt -

hour for climate zones 10 and 12, respectively. This metric was developed to better compare 

the trade-off between different bore field designs and system efficiency ( e.g., more bores 

provide better efficiency but at a higher installation cost. ) This metric also allows the GSHP 

technology to be compared to other technologies such as photovoltaic system to determine 

the better investment.  

Technology/Knowledge Transfer/Market Adoption (Advancing the 
Research to Market)  
Stakeholder outreach was conducted throughout the project to disseminate results. This 

information r eached a much broader audience than would ordinarily seek out research related 

to ground-source heat pumps. The Western Cooling Efficiency Center conducts numerous 

tours, which include a poster presentation on this project. Visitors from all over the world  are 

able to hear about the work and the potential for the technology.  

This project also produced several publications. Papers have been published in Applied 

Thermal Engineering and presented at the 2019 and 2020 American Society of Heating, 
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Refrigerating and Air-Conditioning Engineers (ASHRAE) annual conferences, the largest 

heating, ventilation, and air conditioning -related conference in the world.  ASHRAE and its 

members focus on building systems, energy efficiency, indoor air quality, refrigeration,  and 

sustainability in buildings. Antash Najib, the graduate student researcher on this project, was 

awarded multiple awards, including the College of Fellows award from ASHRAE and the Kirk T. 

Mescher Award. 

The project team also worked closely with Integrated  Comfort Inc.  which provided detailed 

cost information, which was used in the parametric analysis, and consulted on the design and 

installation guide. The company plans to use the modeling results from this project to market 

ground source heat pump technology in California.  

Another impediment to technologies making a significant impact in the California housing 

market is whether they can be accurately simulated in the California code compliance 

software. EnergyPlus is used as the simulation engine for commercial buildings but residential 

building rely on the California Simulation Engine (CSE) through CBECC-Res. According to the 

2019 Residential Alternative Calculation Method (ACM) Reference Manual, ground-source heat 

pumps are currently simulated as a minimum efficiency split-system equivalent to the standard 

design. This clearly does not capture the efficiency improvement potential of ground -source 

heat pumps and does not allow for designers to qualify for incentives for installing the 

technology. Discussions with the California Building Standards Office highlighted that future 

versions of the ACM will include improved performance maps which might accommodate 

ground-source heat pumps. A similar approach could be applied as used for variable capacity 

heat pumps (VCHPs) or ñmini-splitsò wherein a percentage improvement over minimum 

standard efficiencies could be used. Designs would have to meet specific eligibility criteria for 

ground heat exchanger design. The problem with this method is that there is a much w ider 

variation in ground-source heat pump performance than for VCHPs (COPs range from 3.1 to 

5.6 and EERs from 13.8 to 42). The efficiency adjustments could be developed using the 

modeling approaches developed in this project along with a heat pump model, or EnergyPlus 

simulations. 

Benefits to California  
The research team used EnergyPlus simulations to evaluate the benefits to California 

ratepayers. The simulations compared total heating, ventilation, and air conditioning energy 

use between the air-source heat pump and the large-diameter shallow bore ground-source 

heat pump.   

The results show lower energy consumption for the large -diameter shallow bore ground-

source heat pump system in all climate zones except climate zone 15. Climate zone 15 is the 

hottest climate zone with the largest cooling loads and very minimal heating loads. This 

unbalanced load results in poorer performance for the large-diameter shallow bore ground-

source heat pump system. The climate zone with the largest savings was climate zone 16. 

While this climate zone is also unbalanced with much higher heating loads than cooling loads, 

the very low ambient temperatures result in poor performance from the air -source system 

while the large-diameter shallow bore ground-source heat pump system does not experience 

the same temperature extremes when exchanging heat with the ground.  
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The reduction in energy use is significant for many California climate zones. The simulations 

show roughly 20 percent heating and cooling energy savings for many climat e zones and up to 

27 percent in certain regions. Based on a general cost of $0.20 per kilowatt -hour, simulations 

show annual cost savings for California ratepayers of more than $100 for 9 of the 16 climate 

zones and more than $300 for climate zone 16. 
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CHAPTER 1:  
Introduction  

The goal of this project was to produce tools and materials needed to remove the barriers that 

currently prevent widespread adoption of a less expensive method for implementing ground-

source heat pump technology. Air conditioners and air-source heat pumps reject heat to the 

hottest air when demand for cooling is greatest and absorb heat from the coldest air when 

demand for heating is greatest. These conditions result in average efficiencies far below their 

rated seasonal energy efficiency ratio (SEER) and heating seasonal performance factor (HSPF). 

By exchanging heat at the mild temperatures found deep in the soil, ground -coupled heat 

pumps transcend the performance limitations of air -source systems. It is well documented that 

properly sized and installed ground-source heat pumps (GSHPs) enjoy higher system 

efficiencies than conventional air-source systems. 

With these proven energy savings, why are ground-coupled heat pumps not prevalent in 

California? The primary answer is the high cost of the ground heat ex changers. A 

demonstration and commercialization project co-sponsored by the California Energy 

Commission (CEC), Pacific Gas and Electric Company (PG&E), and the National Geothermal 

Heat Pump Consortium in the 1990s (the California GeoExchange Project) determined that the 

cost to install vertical ground loops was greater than $10 per foot, and costs reported in 2010 

were about $15 per foot (Davis Energy Group 2010). For typical central valley soil conditions, 

200-foot-deep bores are required for each ton of heat p ump capacity, so a three-ton system 

would require three 200 -foot bores, costing at least $9,000. Installing ground heat exchangers 

(GHE) at that depth also requires special equipment for drilling and grouting not commonly 

available in California. Consequently, drillers frequently must transport equipment from out of 

state, adding logistical complications and complexity to employing this technology.  

The California GeoExchange project afforded the opportunity to explore lower cost alternatives 

to standard vertical bores, and a large-diameter shallow bore (LDSB) heat exchanger was 

developed, tested, and applied to student housing on the University of California, Davis 

campus (Villages at La Rue) in the mid-1990s. These GHEs used a 30ô deep by 36ò diameter 

hole drilled using readily available auger equipment, and a İò diameter high density 

polyethylene helical coil heat exchanger. The ground loops performed satisfactorily, but the 

project ended before the technology could be developed to the point of commercializ ation. 

Subsequently, similar installations have been completed at the Honda Smart Home (also on 

the UC Davis campus) and at a small retirement community (Parkview Place) in downtown 

Davis. Each of these installations employed slightly different GHE designs.  

This project further explores the promise of the large -diameter shallow bore ground heat 

exchanger (LDSB GHE) design through a series of efforts. The tasks for this project included 

gathering data on existing installations, developing modeling tools for  simulating performance, 

installing, and testing GHEs to measure performance for model validation, and performing 

building energy modeling of the system in multiple California climate zones.  

Heat transfer to and from the soil can be affected by the design  of the system, the amount of 

heat transferred between the GHE and the bore, the length of delay periods between heat 
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transfer events, and the soil moisture content of the bore. To evaluate the LDSB GHE design, 

the project team first collected basic data o n existing installations such as heat load and flow 

rates. Since the performance of the GHE depends on several parameters, including soil 

properties, a more detailed and controlled lab experiment was implemented as a part of the 

project. The goal of the la b data collection was to measure the heat transfer performance 

between the GHE and the ground. The lab data also provided a dataset for validating the 

computational model that was developed for LDSB GHEs. The model was used to perform 

parametric analysis of the heat exchanger design to optimize performance with variables of 

depth, diameter, backfill material, and bore spacing and configuration . The validated 

computational model was also used to develop non-dimensional soil resistance functions, 

called g-functions, which were in turn used in coupled building simulation models to predict 

the energy savings by use of a water-source GHE heat pump compared to an air-source heat 

pump. 

California  Energy Commission Initiatives and Legislative 

Background  
The CEC has been involved with proceedings related to geothermal resources, including high 

temperature geothermal and low temperature applications using heat pumps, for over 20 

years. Recent activity is listed below. 

Assembly Bill 2339 (Williams, 2012) required the CEC to evaluate policies to overcome barriers 

to the use of geothermal heat pump and ground-loop technologies in California, and to include 

evaluations and recommendations in the 2013 Integrated Energy Policy Report (IEPR). The 

CEC held a workshop in March 2013 and developed a working group to evaluate current 

policies.  

A staff paper reviewing the issues was published in July 2014 (CEC-400-019). A barrier 

identified by the geothermal heat pump industry during the proceedings wa s that building 

standard models do not accurately reflect geothermal heat pump characteristics. Consequently, 

builders and building owners could not qualify for incentives because incentive programs are 

based on energy savings predicted by compliance models. The industry requested that a set of 

modeling rules specific to geothermal heat pumps be created. CEC staff determined that the 

Warren-Alquist Act required that it be the responsibility of industry to develop compliance 

options for technologies not explicitly covered by the standards. Recognizing that this process 

can take more than one year, staff suggested that design engineers confirm the efficiency of 

ground-coupled heat pump (GSHP) systems and develop protocols for site inspections in the 

interim. Industry representatives countered that it should be the responsibility of the CEC take 

the lead in developing an Alternative Calculation Method (ACM) compliance option.  

A 2012 CEC staff report assessed geothermal heat pump efficiencies by climate zone 

concluded ñSuch systems are among the most efficient and cost effective means for 

conditioning interior air and use 25 percent to 50 percent less electricity than conventional 

heating and cooling systems.ò The report also concluded that the absence of an assessment 

that measures the applicability of GSHP systems to Californiaôs diverse geology and climate 

zones, and insufficient analysis of the benefits these systems could provide to help California 

comply with a Renewables Performance Standard (RPS) and Assembly Bill 32 (AB 32), which 
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mandates reductions in greenhouse gas (GHG) emissions contributed to the minimal 

development progress.  

These prior activities clearly show that there is interest and value in overcoming barriers to 

GSHP technologies. The shallow-bore technology shows that the industry is continuing to 

develop GSHP products for the market and this project is critical for developing the necessary 

tools for evaluating that technology. 

Additional excerpts from CEC Documents, as well as other references used, can be found in 

Appendix A. 
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CHAPTER 2:  
Project Approach  

Existing Ground Heat Exchanger Installations  
Large-diameter shallow bore ground-coupled heat exchangers use a helical design to provide a 

length of heat exchanger tubing equivalent to traditional U -tube designs without requiring 

deep bore installations. These systems are typically installed in the top 25 feet of soil, 

compared to the 150 to 300 feet common in traditional U -tube designs (California Energy 

Commission 2014). By remaining closer to the surface, large-diameter shallow bore ground-

coupled heat exchangers can significantly reduce installation costs through using less 

expensive equipment and avoid groundwater contamination issues. 

This field study included both short -term and long-term monitoring at three separate sites in 

the Sacramento region of California. The first is the Honda Smart Home, a net -zero energy 

demonstration house located in Davis, California. The second is a small condo building in 

Davis, California called Parkview Place. Finally, the third installation is a single-family house 

located in Vacaville, California. These three sites used similar ground-coupled heat exchangers, 

with notable differences in design.  Changes include the length of the heat exchanger, the type 

of backfill used, the number of heat exchangers installed, and the distance between the heat 

exchangers. 

Short-term monitoring featured one day of testing at the Vacaville site while the system wa s 

still under construction. An external test apparatus was used to add heat to the bore while 

monitoring the supply, return, and ground temperatures in the system . Results indicated 

approximately a 7°Fahrenheit (F) (3.9°Celsius [C])  temperature drop across the heat 

exchanger when operated at 1 gallon per minute  (gpm) of flow. Theoretical calculations 

showed temperature drop represents a heat exchanger effectiveness of 30 percent. 

Calculations for coefficient of performance of an attached heat pump indicated  that the 

occupants should expect a range from 2.5 to 4 during typical cooling operation.  

Long-term monitoring of the temperature drops and flow rate through each system identified 

some differences in performance. The systems at the Honda Smart Home and Parkview Place 

have appropriate temperature drops across the loop, ranging from 4°F  (2.2°C) to 21°F (12°C) 

depending on the operating conditions. The larger temperature drops were at Parkview Place, 

and it is believed this occurred because the flow rate thro ugh each individual heat exchanger 

was approximately 0.6 gallons/minute at that site, much lower than the 1.15 gallons/minute 

through each heat exchanger at the Honda Smart Home. The temperature drop at the 

Vacaville site was typically around 1 to 2°F (0.6 to 1.1°C), which is low for a system like this. 

Water flow rate monitoring was not feasible at this site, but it is suspected that the low 

temperature drop in the system may have been caused by a higher than anticipated flow rate.  

The maximum and minimum fluid temperature returning from the ground loops at Parkview 

Place and the Honda Smart Home were examined to look for potentially dangerous operation, 

as well as predict likely heat pump efficiencies. The return temperatures at Parkview Place 

were more extreme, as is expected with the lower flow rates and higher temperature drops. 
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The maximum temperature reached as high as 120°F (49°C), which would return an 

anticipated heat pump coefficient of performance of 2. The minimum recorded temperature 

was 36°F (2°C). While this temperature is not cold enough to cause a problem, including 

glycol in the system is recommended to avoid freezing the fluid and damaging the system in 

colder winters. Temperatures at the Honda Smart Home were more moderate, ranging from 

46°F to 102°F (8°  to 39°C). These more moderate temperatures would result in higher 

performance from the heat pump and lower risk of damage to the system.  

Studying the heat transfer rate with the ground as a function of temperature difference 

between the supply water and average bore temperature at the Honda Smart Home showed 

decreased performance at high temperature differences. This could have been caused by two 

reasons: (1) the soil moisture content fell below the critical level, resulting in dramatically 

lower soil conductivity, or (2) the soil cracked, causing a gap to form between the heat 

exchanger and the soil, reducing performance. These potential issues could be solved by 

either irrigation systems adding water to the soil or by using different backfi ll materials, such 

as fine sand, to avoid the soil cracking. 

Lab Testing of Ground Heat Exchangers  
Laboratory experiments have been performed to address some of the limitations of the 

previous field monitoring data and have allowed for better validation of  the computer 

simulation model. Field monitoring data was inadequate for a detailed validation of the GHE 

model. It was not possible to provide enough control of the data to validate all the detailed 

performance aspects of the system or of the simulation m odel. Field monitoring data collected 

previously on LDSBs were inadequate in the following ways:  

1. The inability to obtain properties of the backfill and nearby soil created an uncertainty, 

where the model could be forced to match the data by adjusting the s oil parameters. 

This does not allow appropriate validation of the model, as it is entirely possible that the 

wrong soil parameters were used to make an inaccurate model match the measured 

performance data. 

2. None of the field installations had a good far -field soil temperature measurement. The 

Honda Smart Home did have a measurement, but it was situated between two bores. 

As a result, it was affected by the other bore and did not represent a true boundary 

condition. To determine boundary conditions, the far -field measurement provides a 

reference to distinguish the effects of surrounding bores from the effects of the ground 

itself. 

3. Ground temperature profiles were only collected in the Honda Smart Home, which 

prevented adequate data for verifying simulation res ults. 

Additionally, the field monitoring did not allow precise control of the water flow rate through 

the bores or to an irrigation system. Investigating irrigation of the bore hole or bore field was 

not part of the goal of the field monitoring plan, but t here is potential for these techniques to 

increase the performance of the systems. 

The laboratory testing in this project was designed to address these issues through data 

collection in a more controlled laboratory environment wherein simulated heat pump l oads 

could be imposed on a single or on multiple GHEs. 
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Goals of Lab Testing  

Lab test design and test plans were developed to ensure that there was an ability to:  (1) 

assess the backfill and soil properties, (2) control the number and configuration of GHEs active 

at any given time, and  (3) control the load profile of the heat exchangers.  

A study of the performance of irrigation systems and the effect of rainfall was a fundamental 

part of this study. Performance degradation was observed during the summer in t he field 

monitoring installations. On-site measurements in existing GHE installations were not adequate 

to determine the cause of this degradation; however, the prevailing theory was that low 

moisture in the soil caused either (1) the soil conductivity to dramatically decrease, or (2) the 

soil to crack, degrading the physical connection between the GHE and the soil. Rejecting heat 

drives moisture out of the soil, so it was proposed that there is some critical moisture content 

for a given type of soil below which efficacy falls off. For Yolo County loam, which is the soil 

for both the laboratory and the Honda Smart Home field measurements, this number is 

estimated at 20 percent (Hart and Couvillion 1986). Laboratory testing addressed this issue by 

(1) including soil moisture measurements in the bore and surrounding soil and (2) performing 

long term tests, intended to drive moisture out of the soil and cause a low performance 

situation. 

The final research topic is a preliminary study on the flow rate of water t hrough the GHEs. 

Lower water flow rates through the GHE would increase the residence time for water to 

exchange heat with the soil and would result in higher temperature drops across the heat 

exchanger. Theoretically this could result in more favorable temperatures at the heat pump 

and higher coefficient of performance (COP). The downside is that lower flow rates cause 

lower heat transfer rates, reducing the ability to exchange heat with the ground. This 

preliminary study will explore (1) whether lower flow  rates can improve condensing 

temperature and COP of the, and (2) whether there is potential to design a controller that 

identifies the heat pumpôs need for heat exchange with the ground and adjusts flow rate to 

match that need by increasing or decreasing flow rate, as necessary. These two questions 

could lead to controllers for GHE systems that improve the COP of the attached heat pump by 

reducing the flow rate when possible.  

Ultimately, through this project, a lab experiment was designed and built to appropriately test 

single and multiple GHEs, control loading conditions, and test bores in in-line and corner bore 

configurations. By varying the bore configuration, the effect of different types of boundary 

conditions could be assessed experimentally and used in model validation. 

Davis Lab Design and Test Matrix  

The laboratory was constructed near the UC Davis campus, at 17 Arboretum Drive, Davis 

California 95616. This is lab space used by Frontier Energy for several projects. The inside of 

the building contains some environmental chambers and various parts from previous projects. 

These parts are recycled as needed to accommodate the requirements of experiments and fit 

the experimental design. The dirt lot on the outside of the building was used as the location  to 

dig the bores and bury the heat exchangers for this set of tests.  
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Lab Design  

Davis is in Yolo County, which is in climate zone 12. It typically has a cooling season that lasts 

from early June to late September and a heating season that lasts from late November to mid -

February. Tests for this project were completed during an off -peak and heating season from 

September to January. The labôs soil was Yolo County loam, which is compositionally similar to 

that at the Honda Smart Home. One benefit of doing soil analysis at this site was that the 

Honda Smart Home field tests could be better understood. 

Bore Construction, Layout, and Monitoring Instrumentation Specifications  

Figure 1 shows a schematic of the laboratory test apparatus. It has the following features:  

1. Four test bores, with three in a straight line and a fourth adjacent to the center bore 

forming a T-shape. One of three configurations could be tested ð the single central 

bore, three in-line bores or three bores in an L shape corresponding to a corner bore 

configuration. 

2. Temperature measurements at five depths in the center of two test bores, on the edge 

(bore wall) of two test bores, and every 3.33 feet in between the monitored test bores.  

3. Moisture sensors at three depths in the center of two test bores an d every 3.33 feet 

between the two monitored test bores.  

4. Five far-field temperature measurements and two far -field moisture measurements 10 

feet away from the test bores.  

5. Hot water supply and cold water return lines.  

Figure 1: Schemat ic of Laboratory Test Bore Field  

 
Source: University of California, Davis 
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Additional controls and sensors not shown in the schematic include: 

1. Manual ball valves on each test bore hot water supply line that allowed control of which 

test bores are included in each test 

2. Supply and return water temperature on each of the instrumented test bores  

3. Automatic control of water flow rate to the test bores (presented in Figure 4.) 

4. Automated control of the water temperature directed to the test bores (presented in 

Figure 4.) 

The heat exchanger geometry and bore parameters are shown in Table 1, and the 

installation of the heat exchanger is shown in Figure 2. To install the heat exchangers, four 

20-foot-deep bores were excavated. This excavation took less than 30 minutes per bore 

and required no grout to keep the bore from collapsing. This is very different than 

conventional vertical bore drilling, which typically requires a 200 -foot-deep bore and 

grouting and a day to excavate each bore. Conventional installation also requires specific 

drilling equipment designed for this purpose. The LDSB heat exchanger had a helix design. 

The coil spacing was preserved by fabric ties and had a rigid tube to preserve the heat 

exchanger length. Drip irrigation tubes were added to each instrumented heat exchanger. 

After installation, the bores were backfilled with fine -grain sand, which helps to distribute 

moisture and preserve the desired heat-exchanging characteristics. Fine-grain sand was 

chosen over other backfill materials because it is readily available at major landscaping 

equipment retailers and is cheaper than custom backfill materials. It is therefore more 

likely that installers would use fine -grain sand in common GHE installations. 

Figure 2: Installation of Ground Heat Exchanger into  Bore  

 
Source: University of California, Davis 
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Table 1: Ground Heat Exchanger Geometry  

Parameters  Values  

Helix pitch 0.2286 m (9 in.)  

Helix diameter 0.5588 m (22 in.)  

Helical pipe height 6.096 m (20 ft)  

Depth of helical pipe top 0.762 m (2.5 ft)  

Nominal pipe diameter 3/4 in. (nominal size)  

Bore diameter 0.6096 m (24 in.)  

Tube material High-density polyethylene (HDPE) 

Backfill Fine-grain sand 

Heat transfer fluid Water 

Supply pipe Straight pipe 

Source: University of California, Davis 

Table 2 lists the types of sensors used for the various monitoring and control points and their 

performance specifications. Sensor selection was based on functionality, accuracy, cost, 

reliability, and durability. Specific model numbers are listed as examples; similar models by 

other manufacturers may have been used. Signal ranges for temperature sensors correspond 

approximately to listed spans. The rationale and requirement for each measurement and 

control point was as follows:  

¶ Field Measurements 

o Ground loop flow rate for each monitored test bore  

o Ground loop supply and return temperatures for each monitored test bore  

o Ground moisture content at three depths for two test bores. Locations at the 

center and every 3.33 feet in between  

o Ground temperatures at three to five depths for two test bores. Locations at the 

center of the bore, the edge of the bore, and every 3.33 fe et in between the two 

bores 

o Ground temperatures at three to five depths for far -field location 

o Ground moisture content at three depths for far -field location 

¶ Control Points 

o Water flow on/off control to individual test bore  

o Water flow on/off control to irri gation supply 

o Water flow rate to ground loop supply  

o Ground loop supply temperature 
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Table 2: General Sensor Specifications  

Measurement  Sensor  Accuracy  Range  Signal  

Soil Temperature Surface 
Mounted Type 

T 
Thermocouple 

±1°F (0.6°C) or 
0.4% of reading  

ï454°F (ï
270°C) to 750°F 

(399°C) 

40 µV/°C 

Water 
Temperature 

RTD Pipe Plug 
Probe 

±(0.15+.002*T) 
or 100Ñ0.06*ǹ  

Max Temp 
450°F (230°C)  

100 ǹ/ÁC 

Flow Rate Omega 

FTB4600 

1.5% 0.15ï13 gpm Pulse 

Soil Moisture Hydra Probe 
SDI-12 

±0.01 WFV 0ï100% WFV SDI-12 

Thermocouple 
Input  

NI-9213 <0.45°F 
(0.25°C) 

Determined 
by TC 

ð*  

Analog Output NI-9265 ±0.1%  0-4mA (output)  ð*  

*Connected to CompactDAQ through backplane 

Source: University of California, Davis 

Heating and Cooling Control  

Figure 3 shows the way that the load to each bore was controlled. The lab could produce a 

heating and a cooling load by use of a water heater and a chill er. For the hot side, the water 

heater was fed with a domestic water supply through a city water hookup. From the Domestic 

Supply on the leftmost side of Figure 4, water flowed through a fill assembly that mixed supply 

water with recirculated water from the bottom of the hot water storage tank and sent it to the 

tankless water heater assembly. Hot water was then pumped through an air separator before 

returning to the  hot tank. The tank was used to stabilize temperatures so that fluctuations 

from the tankless water heater, such as from the beginning of burner cycles would be 

smoothed out. Hot water was then pumped to the supply manifold for the bores from the top 

of the hot tank.  

For the cold side, water was fed directly into a chilled water holding tank through a fill 

assembly. Water from the top of the holding tank was pumped to the chiller, and chilled water 

was fed to the bottom of the chilled water tank. The water  used for each test flowed through 

the bores and was then returned to the system through the return manifold, which returned 

water to the appropriate tank depending on the kind of test being run. Not pictured in Figure 3 

are the hot and chilled water bleeds.  

Controlling the temperature of the inlet water to the bores was crucial for controlling the load 

to each bore. Proprietary laboratory modelling software was used to p rovide a constant load or 

a cycling on/off load with a consistent input rate for the bores. This was done by measuring 

the outlet temperature of water from the bore and back -calculating what the inlet temperature 

would need to be at the testôs flow rate for the desired load. 

  



 

 

17 

Figure 3: Ground Heat Exchanger Load Control Scheme  

 
Source: University of California, Davis 

Test Matrix  

The lab completed tests to determine the capacity of a single bore. This was done by running 

a constant load through a bore for many hours and observing the outlet temperature. The test 

was set to be arrested if the outlet temperature stabilized or if it reached a high temperature 
limit of 120ɕCΦ This test was repeated at increasing load magnitudes up to a maximum load of 

1200 watts (W) per bore, which corresponds to an input rate around three tons per bore. This 

capacity is critical because it was previously determined that to be cost effective for residential 

applications, the heat exchanger would need to be able to handle this level of load. The single 

bore tests also provided a detailed understanding of the surrounding soil temperatures. The 

single bore tests were performed both in the short term of a few hours, which represented a 

single heating or cooling event, and for intermittent loads over the course of a few days, which 

was intended to measure the performance of a bore in a more realistic loading scenario. These 

tests were also important to further validate the CaRM -He model used for simulating heat 

exchanger performance. The single heat event test validated the simplest use case of the 

model, and the intermittent load tests required the model to match the performance of the 

GHEs during each heat exchange event and to predict the behavior of the surrounding soil 

including the soil saturation limits.  

Array tests were also performed both with single heat events and intermittent loads, where 

multiple bores were operated at the same time. These tests were important to the model 

because they required the model to accurately predict the boundary conditions between each 

bore in terms of how bores exchanged heat with each other. These tests were done with three 

adjacent GHEs in a row, and tests are currently being done for three GHEs forming a right 

angle.  
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One of the tests was performed with a dry bore, but most tests were performed with irrigation 

control allowing for the center depth center bore moisture level to be at or above 20 percent. 

This was because it was determined that bore performance greatly suffered with the dry bore. 

The irrigation was done with a perforated pipe installed vertically in the bore, which allowed 

irrigation water distribution at different depths. Data was also taken during a no -load event 

but during a rain event to measure  how soil parameters relaxed and how soil moisture content 

changed with rain. 

The soil thermal properties are a key component of the model validation. Samples of the soil 

were taken on the site of the laboratory test bores by collecting soil from the drill ing process. 

The samples were collected at different depths and reconstituted by pressing into a form with 

the representative force of soil above the sample depth. A thermal conductivity probe was 

used to measure conductivity in soil samples at the various depths. 

These tests will provide a preliminary study into the potential to develop a controller that 

increases heat pump COP by adjusting water flow rate through the GHEs yielding more 

favorable water temperatures at the heat pump. Tests were performed st udying how changes 

in flow rate affect the temperature of water returning to the heat pump and how changes in 

flow rate affect the rate of heat transfer from the GHEs to the ground. Table 3 shows the test 

matrix. 

Table 3: Original Test Matrix  

Run Date  
Duration  

(hour)  

Load  
(W)  

gp
m 

Description  Objective  

10/15/201

9 

1  0 0 No flow Verify sensor 

operation 

10/15/201
9 

3  300 1 Continuous flow for 3 
hours 

Obtain data on 
temperature 
response 

10/17/201

9 

3  300 1 Continuous flow for 3 

hours 

Temperature 

difference between 
far-field and core is 

9°F (5°C) 

10/28/201
9 

3  300 1 Continuous flow for 3 
hours 

Re-run to ensure 
relaxed soil condition 

10/16/201
9 

3  600 1 Continuous flow for 3 
hours 

Increase load from 
300 to 600 W 

10/17/201

9 

3  900 1 Continuous flow for 3 

hours 

Increase load from 

600 to 900 W 

10/30/201
9 

3  1200 1 Continuous flow for 3 
hours 

Increase Load from 
900 to 1200 W 

11/7/2019  4  1200 1 1 hour of baseline 
data, 3 hours of 

1200W, 1 gpm. 

Re-run to ensure 
relaxed soil condition 
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Run Date  
Duration  

(hour)  

Load  
(W)  

gp
m 

Description  Objective  

10/21/201
9 

3  600 1.2 600W 1.2 gpm Test impact of 
increased flow rate 

10/22/201

9 

3  600 0.8 600W 0.8 gpm Test impact of 

reduced flow rate 

11/12/201
9 

47  1200 1 1200W, 1 gpm. 
Intermittent every 4 
hours for 20 hours 

Simulate actual load 
on single bore 

11/15/201

9 

71.5 1200 1 1200W total on 3 

bores in a row 

Simulate constant 

load on multiple 
bores 

11/20/201
9 

24  1200 1 Constant 1200W per 
bore on 3 bores in a 

row 

Simulate constant 
load on multiple 

bores 

1/10/2020  24  1000 1 6 hours increment: 
flow no load, 500W 

per bore, 1000W per 
bore, flow no load 

3 bores in a row 

1/15/2020  24  1200 1 6 hours increment: 
flow no load, 600W 

per bore, 1200W per 
bore, flow no load 

3 bores in a row 

1/21/2020  24  1200 1 6 hours increment: 

flow no load, 600W 
per bore, 1200W per 
bore, flow no load 

L-shaped bore 

orientation 

Source: University of California, Davis 

Computational Model Development  
A survey of modeling approaches for GHEs was performed to select the most appropriate 

approach. Figure 4 presents a variety of different heat exchanger geometries that e xist for 

GHEs. The modelling approaches in literature for GHEs can be divided into three categories: 

(1) models based on analytical solution, (2) numerical models, and (3) a combination of 

analytical and numerical approaches. 

Several models have been developed previously for simulating the heat exchange process 

between a heat exchanger and the ground. These solutions were developed for various GHE 

geometries and using a range of methods. A distinct advantage that analytical models offer is 

their computational efficiency (Yavuzturk and Spitler 1999). They can work well for GHEs 

comprised of straight pipes with simple geometries. However, for more complicated geometries 

like slinky (Figure 4.C) or helical (Figure 4.D), several approximations must be made. 

  



 

 

20 

Figure 4: Illustration of Ground Heat Exchanger Configurations  

 

(A) Vertical, (B) Horizontal, (C) Slinky, (D) Helical GHEs 

Source: University of California, Davis 

Zarrella et al. (2009) developed a Capacitance Resistance Model (CaRM) to predict the 

performance of vertical GHEs. A modified version of this model for helical GHE (CaRM-He) was 

later developed by the same group of re searchers (Zarrella et al. 2013). The modified CaRM-

He model was the primary model used in this project to run parametric simulations of the 

helical GHE. This CaRM-He model was initially verified with results from a commercial 

computations fluid dynamics (CFD) solver. The greatest advantage that CFD models offer is the 

ability to account for complex geometries and various underlying heat transfer mechanisms and 

give spatially resolved results. A limitation, however, is the reliance on extensive computationa l 

resources. This also limits the method to short time duration modelling, as extensive 

simulation time is required for modelling longer time -scale events. 

The objective was to develop a reliable modelling tool to characterize the thermal behavior of 

a LDSB helical GHE. As a balance among computational resources and fidelity and accuracy of 

the simulations, an approach that consisted of verifying the CaRM-He model with CFD 

simulations was undertaken. Field data from Honda Smart Home were used to provide a 

consistent set of soil properties and realistic load profile for both CFD and CaRM-He 

simulations. As a result of this process, it was found that the CaRM-He model did not consider 

all the heat transfer flows inside the bore. Consequently, the CaRM-He model was improved.  

Once the revised CaRM-He model was validated with detailed soil profiles from CFD and less 

detailed experimental data from lab experiments, this model was used for further parametric 
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and non-dimensional soil resistance (g-function) estimati ons. The g-functions were further 

used in building level modeling using the EnergyPlus platform.  

The next two sections describe the CaRM-HE and CFD models. Field data used for comparison 

of CFD and CaRM-He is discussed next, followed by a comparison of the prediction of return 

water temperatures and soil profiles. A revision to the CaRM-He model is discussed and then, 

use of the CaRM model to develop a g-function.  

CaRM-He Tool  

The CaRM-He (Zarrella et al. 2013) simulates the transient thermal behavior of shallow helical 

bore hole heat exchangers. This model used the electrical analogy to solve the transient heat 

conduction into the ground and bore hole heat exchanger. The original CaRM-He approach is 

reported in detail in Zarella et al. (2013). Figure 5 outlines the general scheme considered in 

the model. The domain was divided in three main zones: surface, bore hole, and deep zones 

(Figure 5). Each zone was then broken into discrete in thermal nodes for which the heat 

balance equations were written. The surface and deep zones had discrete nodes only in the z-

direction (depth) while the bore hole zone also included discrete nodes in the radial direction. 

Figure 6 shows the modelling approach used inside the bore. The core within the bore was 

modelled as a single thermal node that exchanged heat from the helical pipe and the straight 

pipe. Furthermore, the helical pipe also exchanged heat with the bore wall through the backfill.  

Figure 5: Model  Schematic  

 
Source: University of California, Davis 
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Figure 6: Bore Hole  Model  

 
Modelling approach inside the bore; (a) general scheme, (b) capacitance-resistance scheme in horizontal 

section, (c) capacitance-resistance scheme in vertical section. 

Source: University of California, Davis 

CFD model  

The CFD model is based on a more spatially resolved discretization as compared with CaRM-

He. The domain was divided into large number control volumes several orders of magnitude 

larger than the CaRM-He tool. The CFD model also provided a basis for analyzing complex 

phenomenon associated with the heat transfer, such as viscous effects at the fluid and pipe 

interface. Correspondingly, the simulation time for CFD is much longer than for the CaRM-He 

tool. For example, for 15 hours of GHE operation, the simulation time required by CFD using 

the fine mesh (details of mesh given in Table 4) was about 30 hours and 15 hours with a 

coarse mesh on a workstation with a 24 core, 3.0 GHz Intel Xeon processor. The time required 

by CaRM-He for the same modeling period was less than three minutes.  

The CFD simulations were carried out using ANSYS version 17.2 Fluent. The complete helical 

and central straight pipe geometry was created in SolidWorks®. This geometry was embedded 

in a cylindrical region with radius equal to 2.286 m eters to represent the surrounding ground. 

The mesh quality parameters are provided in Table 4; additional parameters used in the CFD 

simulations are given in Table 5. 

Table 4: Mesh Parameters for Grid Independence Study  

Parameters  Coarse  Fine  

Number of nodes 5,460,864 7,982,134 

Number of elements  25,832,655 41,055,627 

Average mesh skewness 0.259 0.233 

Source: University of California, Davis 
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Table 5: Computations Fluid Dynamics  Model Parameters  

Parameters  Values  

Elements 3D tetrahedral and hexahedral elements 

Solver 3D unsteady 

Numerical scheme Semi-implicit method for pressure -linked equations (SIMPLE) 

Viscous model (water) Realizable k-Ů, standard wall function  

Transient formulation First order implicit 

Discretization scheme Second order upwind 

Source: University of California, Davis 

To establish grid independence, a dataset of 15 hours from the Honda Smart Home field study 

was used on two different meshes whose parameters are shown in Table 4 (Najib et al. 2019). 

Figure 7 shows the mass flow rate and inlet and exit temperatures to the GHE from the 

dataset. Measured inlet fluid temperature was used as an input for the model and the 

simulated outlet fluid temperature was then compared to the corresponding measured value. 

The root-mean-square deviation (RMSD) of the outlet fluid temperature predicted by the 

simulation that used the coarse and the fine mesh was 0.14°F (0.08°C). As a reference for 

comparison of the RMSD value, the average temperature difference between the inlet and 

outlet is 7.24°F (4.02°C). Thus, the RMSD in the outlet fluid temperature between the fine and 

coarse mesh is less than 2 percent of the average inlet and outlet fluid temperature difference.  

Figure 7: Field Data from Honda Smart Home Helica l Ground Heat Exchanger  

 

Field data for helical GHE for June 13, 2017 from 0 to 273 hours: outlet fluid temperature, 

inlet fluid temperature (primary axis), and mass flow rate (secondary axis) plotted against 

time. 

Source: University of California, Davis 
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Figure 8 shows the ground temperature profiles from the simulations using the fine and coarse 

mesh at different time instances. As can be seen, both meshes predict similar ground profile 

temperatures. More details about analysis are reported in published work by the group (Najib 

et al. 2019).  

Figure 8: Ground Temperature Profiles f rom C omputations Fluid Dya mics 
Simulations with  Fine and Coarse Mesh  

 

Ground temperature profiles showing agreement between fine mesh and coarse mesh simulations of 

GHE. 

Source: University of California, Davis 

Bound ary Conditions  

The boundary conditions and input parameters used in numerical simulations (both CFD and 

CaRM-He) are summarized in Table 6 and illustrated in Figure 9.  

Table 6: Common Parameters Used in C omputations Fluid Dynamic s  
and CaRM -He Models  

Parameters  Values  

Inlet temperature  Inlet temperature from field data  

Mass flow rate 0.0497 kg s-1 

Time step 60 s 

Undisturbed ground temperature 68°F (20°C) 

Specific surface convective thermal resistance 0.34 m2 K W-1 

Far-field radius 2.286 m 

Far-field depth (below GHE bottom) 3 m  

Bore hole radius (outer helical pipe + clearance)  0.295 m 

Thermal conductivity of pipe ( High-density 

polyethylene) 

0.47 W m-1 K-1 

Source: University of California, Davis 
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Although CaRM-He can model a combination of convection from ambient air, incident solar 

insolation, and radiation emitted to the sky at the ground surface, the impact of the latter two 

effects on outlet fluid temperature in the short -term was found to be negligible for the 11 

daysô duration (RMSE less than 0.18°F (0.1°C) for the time steps when fl ow was switched on). 

Consequently, only convection heat transfer was considered at the top surface as a boundary 

condition. The CFD and CaRM-He simulations were carried out with identical boundary 

conditions. 

Figure 9: Boundary Condi tions for Models  

 
Boundary conditions in (a) CaRM-He and (b) CFD models. 

Source: University of California, Davis 

Numerical simulations require ground thermal properties as input, specifically the values of the 

thermal conductivity and specific heat capacity. Since the site was in operation, it was not 

possible to obtain ground property measurements in-situ. To estimate the soil properties at 

the field site, prior experimental research conducted on Yolo silt loam by Wierenga et al. 

(1969) in Davis, California, was used (Table 7). Ground properties are highly dependent on 

moisture (de Vries and Wijk 1966). Since the backfill at the test site is also native ground, th e 

properties of the backfill were likely the same as those of the ground. The type of ground used 

for modeling was based on estimates from information available at various resources including 

the UC Davis soil resource lab (OôGreen 2018). High-density polyethylene (HDPE) pipe material 

thermal properties were obtained from manufacturer specifications (INEOS 2017). 

Since the moisture content in ground was not known a priori, the experimental data of the 

GHE operation shown in Figure 7 were used to infer the equivalent thermal prop erties of the 

ground via CaRM-He tool using an inverse approach. The measured inlet fluid temperature and 

mass flow rate were used as input to the tool. The soil moisture level was varied to evaluate 

properties using the Yolo silt loam property relations f rom (Wierenga et al. 1969). These 

properties were changed in the CaRM-He tool until the difference between the measured and 

simulated outlet fluid temperature resulted in the closest match with data.  
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Table 7: Ground Properties for Yolo Silt Loam Based on Moisture   

Ground 
Moisture 

(volumetric 
basis)  

Ground 
Moisture  

(mass 
basis)  

Thermal 
Conduc -

tivity   
(Wm -1K-1)  

Density 

(kgm -3)  

Specific 
Heat 

Capacity,  
(Jkg -1K-1)  

RMSD Outlet 

Temperature  
Overall (ęC) 

RMSD outlet 
temperature  

ON period 
(ęC) 

Dry ground 0% 0.29 1250 886 1.60 1.33 

10% 
moisture  

8% 0.75 1230 1155 1.28 0.52 

20% 

moisture 

17% 1.07 1208 1435 1.41 0.57 

30% 
moisture 

26% 1.23 1186 1727 1.20 0.94 

Source: (Wierenga et al., 1969)  

The root-mean-square-deviations (RMSD) between the predicted and measured outlet fluid 

temperatures for dry, 10 percent moisture, 20 percent moisture, and 30 percent moisture soil 

properties are shown in Table 7. Two different sets of values of RMSD are shown in Table 7: 

one corresponding to the entire duration of the data and the second estimated only when the 

GHE was rejecting heat to the ground (denoted as the ñONò period). In general, for all 

moisture levels and for the period when the GHE was operational, the difference between the 

predicted and measured outlet temperature was lower. The RMSD with heat rejection to the 

ground were 1.33ęC, 0.52ęC, 0.57ęC, and 0.94ęC for dry, 10 percent moisture, 20 percent 

moisture, and 30 percent moisture, respectively. The dry ground properties tended to cause 

the model to over -predict the temperature (due to low thermal conductivity). On the other 

hand, use of properties based on 30 percent moisture resulted in a lower predicted 

temperature than the measured value. Properties based on a 10 percent moisture provided 

the best match, especially during the period when the flow was switched on. As a result, the 

soil properties of 10 percent moisture were used for subsequent validation simulations.  

After calibrating the CaRM-He model to ground properties from the field data, the same 

properties were used in the CFD simulation. Results of outlet fluid temperatu re from the GHE, 

as well as more detailed evolution of soil temperature profiles, were compared between the 

CaRM-He and CFD simulations. The RMSD of the outlet fluid temperature predictions between 

CaRM-He and CFD was 3.26°F (1.81°C). A comparison of soil temperature profiles near the 

bore wall between CaRM-He and CFD after 1 hour, 21 hours, 120 hours, and 144 hours of start 

of simulation is depicted in Figure 10:. In CaRM-He, the core refers to the backfill between the 

helical and straight pipes. However, for calculation of thermal resistances, the thermal 

capacitance of the backfill was lumped midway between the helical and straight pipe. This 

location is also shown on Figure 10. 
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Figure 10 : Ground Temperature Profile f rom CaRM -He Original  
and C omputatio ns Fluid Dynamics  

 
Ground temperature profile comparing results from CaRM-He original and CFD (a) 1 hour and 21 hours 

after start of simulation, (b) 44 hours and 120 hours after start of simulation. 

Source: University of California, Davis 
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The selected time instances in the plot correspond to periods of heat rejection to the ground 

(Figure 7). Profiles for near-bore wall temperature within the bore and outside the bore are 

shown for CFD. For CaRM-He, since there is only one node in the core, a single area-average 

core temperature was calculated in this region as shown in Figure 6. Figure 10: shows that 

after 21 hours the bore wall temperature predicted by CaRM-He model is 2ęC higher than that 

predicted by CFD. It should also be noted that although the core temperature predicted by 

CaRM-He model matches the CFD predicted temperature at radius 0.145m, the temperature 

calculated by CaRM-He is an average for the entire core. The average core temperature 

predicted by CFD is 0.6ęC higher than that predicted by CaRM-He. The slope of the profile 

indicates that in CaRM-He more heat was dissipating outward from the bore hole wall, while 

the average core temperature was lower than that in the CFD results. It should be noted that 

with increase in time of heat rejection (for example, after 120 hours), the slopes of the 

temperature profile predicted by CaRM-He became similar to that predicted by CFD. This 

suggests that once the core is saturated, both models predict soil temperatures reasonably 

well. 

In summary, although the outlet fluid temperature from CaRM -He and CFD models matched 

relatively well, CaRM-He predicts a higher heat rejection rate ou tward than into the core as 

compared with CFD. The differences in the results described led to a revision in the CaRM-He 

model. The changes made to the model, along with the ground temperature profile before and 

after the modifications, are discussed and compared in the subsequent sections. 

Modifications to the CaRM -He Model (CaRM -He v2)  

Considering the discrepancy in the heat flow near the bore wall outlined in the previous 

section, the CaRM-He model was improved to consider the real geometry of the helica l GHE 

and better simulate its thermal performance, especially in the short term. The improvements 

pertained to modelling of the core section within the bore; whereas, the modelling of the 

surrounding ground outside the bore was unchanged.  

In the original CaRM-He model there was no direct thermal communication between the bore 

wall and the core; each of these regions independently communicated with the helical pipe. In 

reality, these two regions were in direct contact with each other in between the pitch of  the 

helical pipe. Hence, there is a need for an improved model to represent this interaction. Figure 

11 shows the new modelling approach within the bore. As can be seen, in the new approach 

the thermal capacitance of the backfill is lumped in three thermal nodes: the core, the shell, 

and the bore hole wall. In the core node as in the original model, the thermal capacitance of 

the backfill between the helical pipe and the  straight pipe was lumped. On the side of the 

helical pipe facing the bore wall, to better represent the transient thermal behavior, the 

thermal capacitance of the backfill between the helical pipe and the bore hole wall was lumped 

in two thermal nodes: th e shell and in the bore hole wall nodes. 
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Figure 11 : Approach of the New CaRM -He V2  

 

 

Schematic showing additional nodes added in CaRM-He v2: (a) capacitance-resistance scheme in 

horizontal section, (b) and (c) capacitance-resistance scheme in vertical section. 

Source: Angelo Zarrella, University of Padova Italy 

To incorporate heat communication between the bore wall and the core, as well as the shell 

and the core, parallel thermal resistances between the core and the shell thermal no des and 

between the core and the bore hole wall thermal nodes were used. These additional 

resistances account for the heat transfer that took place between the core inside the helical 

pipe and the shell and bore wall regions in the pitch direction where th e helical pipe is not 

present (Figure 11.c). This modification will be important in proper prediction of short -term 

thermal performance or transient operating modes of the GHE. Details of the revised CaRM-He 

model are described in a journal publication (Najib et al. 2019).  
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For the core thermal node, the heat balance was modified considering the effect of the 

thermal short-circuit with both the shell and bore wall thermal nodes via the backfill present 

between the turns of the helical shaped pipe. Considering a layer of thickness ЎᾀὮ in depth, 

this effect can be modeled by means of ρ
Ў

 number of conduction cylindrical thermal 

resistances coupled in parallel between the corresponding thermal nodes. In addition, the heat 

transfer with the helical pipe (Pipe 2 in Figure 11.c) was modified to consider the actual 

thermal exchange surface of the helical shaped pipe due to the presence of spaces between 

the turns of the helix.  

G-Function Development  

General Equation for Long -Term G -function  

The g-function is a non-dimensional temperature response factor proposed by Eskilson and 

Claesson (1988). The general long-term g-function is calculated using the equations found in 

Appendix B. G-functions are used to describe the temperature response of a bore field based 

on the thermal loads applied, and significantly reduces computation time relative to numerical 

or analytical solutions for the temperature response.  

Short Term g -functions  

According to Eskilson (1988), the longtime step g-function given by Equation 1 in Appendix B 

is valid for times in the range of  υὶȾɻ ὸ ὸ. According to Yavuzturk and Spitler (1999), 

for the short time step, the g -function equation becomes Equation 3 in Appendix B, where the 

variable Ὑᴂ  (total resistance per unit length, KmW -1) is the resistance from fluid to the bore 

hole wall. The equation for vertical GHEs also includes this additional term and can be found in 

Equation 4 of Appendix D. 

In contrast to numerical models based on analytical solutions (i.e., line source which can be 

used to simplify a deep bore system by assuming it behaves like an infinite line heat 

source/sink), CaRM already accounts for the internal resistances when calculating the bore hole 

temperature. Thus, for generating g -functions from bore hole wall temperatures calculated by 

CaRM, Rtotal can be set to zero and Equation 1 and Equation 2 in Appendix B can be used for 

both short time step and long  time step g-functions.  

It should be noted that the g -functions for vertical GHEs described thus far are all based on 

bore hole wall temperature, T b. Upon estimation of Tb, the typical approach is to use the T b 

based g-function and the total resistance, R total to back-calculate the mean fluid temperature 

for a given load profile.  

Modification in g -function Formula for Shallow Helical GHEs  

Following the typical procedure, a constant (that is, not changing with time) heat transfer rate 

is used to generate the g-function, which is then pl otted against non-dimensionalized time t/t s.  

However, unlike the vertical GHEs, for helical GHE case, it was found that using the mean fluid 

temperature directly to calculate the g -function enables one to calculate the mean fluid 

temperature to a greater accuracy compared to the calculation that uses a g-function that is 

based on mean bore wall temperature. This is because it eliminates the inaccuracies 

associated with the calculation of the resistance between the bore wall and the fluid.  
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The CaRM output includes the inlet and outlet temperature, which makes calculating the mean 

fluid temperature quite straightforward. Thus, the revised g -function equation for the helical 

GHE becomes Equation 5 in Appendix B, where T mf is the mean fluid temperature given as  in 

Equation 6 in Appendix B. 

Correspondingly, the mean fluid temperature Tmf can be back-calculated directly from the g -

function given in Equation 5 in Appendix B, without using the total resistance, Rôtotal. 

Effect of Surface Boundary Condition  

An important aspect in the performance of a GHE is the surface condition. The effect of annual  

variation in the undisturbed ground temperature was incorporated in the final results by using 

the principle of superposition. The effect of annual variation on the undisturbed ground 

temperature and the heat transfer from the top surface was not accounte d for while 

generating the g-functions. The same approach was used by Xiong et al. (2015) when 

generating g-functions for horizontal and vertical slinky GHEs. Mathematically, this approach 

can be expressed by Equation 7 in Appendix D, which was adopted from Xiong et al. (2015):  

Xiong et al. (2015) assert that a simple one -dimensional numerical model can be used to 

calculate the undisturbed ground temperature. Furthermore , the researchers explained that a 

coarse-grid three-dimensional model was available in EnergyPlus and was thus used to 

estimate the undisturbed ground temperatures for their work. A method or model that provides 

computational efficiency as well as reasonable accuracy would be needed. Figure 12 shows a 

schematic of the superposition approach.  

When calculating Mean Fluid Temperature or Cases Tamb Í Tg= 59°F (15°C):, analytical 

equations for a semi-infinite medium with surface convection were used as the analytical 

model (Incropera et al . 2011). 

Figure 12 : Scheme  Showing the Superposition Method  

 
Source: Xiong et al. (2015)  

Initialization  

Another aspect pertaining to GHE modeling is the initial ground temperature.  

Kusuda and Achenback (1965) proposed equations that allow curve fitting a sinusoidal 

equation to represent the ambient temperature data using the method of least squares. They 

also presented Equation 8 found in Appendix D for which the temperature at any depth in the 

ground can be calculated (Kusuda and Achenback 1965).  
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The CaRM model includes a provision to initialize the soil temperature based on the Kusuda 

and Achenback (1965) method. Consequently, after team discussions, it was decided that data 

from California climate zone 12 would be used with this method to initialize g -function 

simulations. 

Using the method of least squares (Kusuda and Achenback 1965), data from climate zone 12 

was used to calculate, Tm = 59.47°F (15.26°C). This was rounded to the nearest  °C to get 

59°F (15°C). The amplitude is AT = 13.61°F (7.56°C) å 13.7°F (7.6°C) (rounded to the 
nearest 0.1°C). ὸ = 18.9 days å 19 days (which means the minimum temperature would 

occur on Jan 19). Figure 13 shows the ambient hourly temperature from California climate 

zone 12 and calculated using the Kusuda and Achenback method when depth = 0  m (Kusuda 

and Achenback, 1965). 

Figure 13 : Ambient Hourly Temperature Comparison  

 
Ambient hourly temperature (A) from California climate zone 12 (B) calculated using the Kusuda and 

Achenback (1965) method at surface level (depth, Z=0 m). 

Source: University of California, Davis 

The undisturbed ground temperature was set equal to the mean air temperature (that is, T g = 

Tm =  59°F [15°C]). These parameters were used as the input parameters in CaRM to generate 

the g-function. As expected, the ground was cold in the beginning of the simulation. However, 

this caused the mean fluid temperatures (T mf) to be lower than the undisturbed ground 
temperature (T g) 59°F (15°C), which caused the term Ὕ Ὕ in Equation 5 and thus the g-

function to be negative as shown in Figure 14. 
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Figure 14 : G-Function Generated Using Parameters from Kusuda and Achenback 
(1965) Method  

 
Source: University of California, Davis 

To avoid the negative g-function, the  initialization method was changed. A constant and 

uniform undisturbed ground temperature was used for all subsequent simulations. 

Mathematically, this meant that:  

Ὕ Ὕ ρυ 

ὃ π 

ὸ π  

It was found that this approach was consistent with previ ous research (Xiong et al. 2015) 

focused on generating g-functions in which the method of superposition was used to 

incorporate the effect of the initial ground temperatures as well as the surface boundary 

condition. 

Temporal Discretization  

To generate g-functions that span a range of time starting from ln(t/ts) = -13 to ln(t/ts) = 3, 

the time step needed to be 10 seconds and the total duration needs to be 2.86 years. With a 

10-second time step, this led to 10,000 steps repeated 900 times (that is, 9 millio n points). The 

CaRM-HE simulation took more than 29 hours with almost 3 hours required for post -

processing.  
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Given the time required, separate long-term and short -term simulations were used. For the 

GHE geometry and soil property used, Table 8 shows the parameters used for generating the 

g-functions. Steady state time was found to be 51.9 days in this case.  

Table 8: Temporal Parameters for G -Functions  

Parameter  Short -Term  Long -Term  

Start = time step  10 s 

ln (10 s/t_ s) =  -13.01 

3600 s = 1 hour  

ln (1 hour/t_ s) =  -7.13 

End 172,800 s = 48 hours  

ln (48 hours /t_ s) =  -3.26 

3.15 × 10 8 s = 10 years 

ln (10 years /t_ s) =  4.25 

Number of time steps 17,280 8760 

Number of repetitions 1 10 

Source: University of California, Davis 

To validate the approach, the settings allow an overlap between the long-term and short -

term g-functions from time of 1 hour to 48 hours (or ln (t/t s) from ï7.13 to ï3.26). The total 

number of points are 17,280+87,600 = 104,880. 

System and Site -Specific Inpu ts  

Site-specific inputs were needed for the simulations and are outlined in Table B-1 in Appendix 

B. 

G-function for Multiple Bores  

The g-functions depend on the number and the configuration of the GHEs. For the results 

shared here, a row of nine GHEs was considered. According to the CaRM modeling method 

(Zarrella and Carli 2013) the GHEs can be divided into six types based on the boundary 

condition being either isothermal or adiabatic. Type 1 to type 4 are shown in Figure 15. The 

red lines indicate adiabatic sides. A GHE that has isothermal boundaries on all four sides is 

called type 0 and is not shown in the figure.  
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Figure 15 :  Ground Heat Exchanger Boundary Conditions,  
Type 1 to Ty pe 4 Used in CaRM  

 
GHE boundary conditions, type 1 to type 4 used in CaRM. The red lines 

indicate adiabatic boundary. Figure adapted from (Zarrella and Carli 2013).  

Source: University of California, Davis 

To better understand this approach, consider a row of nine GHEs. The two GHEs at the end 

have only one adiabatic boundary (type 1), whereas the seven GHEs in between have two 

adjacent adiabatic boundaries (type 2b) as shown in Figure 16. 

Figure 16 : Nine Ground Heat Exchangers Row Used for Simulation  

 
Nine GHE rows used for simulation. Boundary conditions are also shown. 

Source: University of California, Davis 

It can be shown mathematically that the combined g -function for all nine GHEs can be 

obtained by taking the number weighted average of the g -function of the individual GHEs (that 

is, type 1 and type 2b) . This is shown in Equation 9 of Appendix B. 

Validation Results  

The following results validate the use of G-functions developed for individual bores with unique 

boundary conditions to generate G-functions for different bore field configurations. This allows 
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a limited set of G-functions to be used to for common bore field configurations without the 

need to generate new G-functions for each configuration.   

G-function for T amb  = T g= 59°F ( 15°C ) : 

Figure 17 shows the long-term and short -term g-functions for a single type 1 and type 2b with 

Tamb=T g= 59°F (15°C).  

Figure 17 : Long -Term and Short -Term G -Functions for Types 1 and  2b with 

Tamb =T g= 59°F ( 15°C )  

 

Source: University of California, Davis 

Figure 17 shows the short-term g-functions for type 1 and type 2b are identical. The g -

functions for both types are very similar for the first 52 days. Beyond this, the type 1 (which 

has one adiabatic and three isothermal boundaries) exhibits a lower resistance to heat flow 

than the type 2b (which has two adiabatic and two isothermal boundaries). The d ifference 

increases with the passage of time and is maximum at the end of the simulation (after 10 

years).  

Figure 18 shows the long-term g-functions for type 1 and type 2b under different 

configurations and heat loads. The legend ñ1 eachò designates a simulation in which there 

were six GHEs, one of each boundary condition type. A row of nine GHEs was also simulated 

under different loads. The results show that for type 1, the g -functions are identical for all 

cases and lie on top of each other. The same is true for type 2b. This means that regardless of 

configuration, the g -function for a given type of GHE (type  1, for example) will be the same. 

Referring back to the row of nine GHE example, this essentially means that the type 1 and 

type 2b g-functions generated for this case can be used for any other row configuration of 

GHE (for example, row of 16 GHEs or row of 5 GHEs). 
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Figure 18 : Long -Term G -Functions for Types 1 and 2b Under Different 
Configurations and Loads  

 

Source: University of California, Davis 

Table 9 shows 21 points that define the g -functions for GHEs of all six types. They are divided 

into short - and long-term range based on the simulation time step. The f ormulae for 

calculations are the same in both ranges. The six g-functions in Table 9 can be used to 

construct the combined g-function for any configuration of GHEs. 
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Tabl e 9: G-Functions at 21 Points for Ground Heat Exchangers of All Six Types  

G-
function 

range 

ln(t/t_s) 
(t_s= 

51.9 days) 

g-func-
tion 

Type 0 

g-func-
tion 

Type 1 

g-func-
tion 

Type 2b 

g-func-
tion 

Type 2a 

g-func-
tion 

Type 3 

g-func-
tion 

Type 4 

Short ï5.3003 0.460 0.460 0.460 0.460 0.460 0.460 

Short ï4.2013 0.581 0.581 0.581 0.581 0.581 0.581 

Short ï3.5081 0.716 0.716 0.716 0.716 0.716 0.716 

Long ï2.7455 0.918 0.918 0.918 0.918 0.918 0.919 

Long ï2.3153 1.047 1.047 1.048 1.048 1.048 1.051 

Long ï1.8964 1.174 1.174 1.176 1.175 1.177 1.184 

Long ï1.4715 1.295 1.296 1.299 1.298 1.302 1.321 

Long ï1.0521 1.400 1.403 1.410 1.407 1.418 1.462 

Long ï0.6292 1.485 1.493 1.511 1.504 1.532 1.630 

Long ï0.2088 1.550 1.566 1.603 1.589 1.649 1.849 

Long 0.2127 1.600 1.626 1.694 1.664 1.778 2.137 

Long 0.6343 1.638 1.676 1.785 1.732 1.917 2.481 

Long 1.0556 1.670 1.720 1.877 1.797 2.062 2.824 

Long 1.4768 1.699 1.762 1.969 1.859 2.198 3.098 

Long 1.8980 1.728 1.803 2.049 1.917 2.308 3.280 

Long 2.3192 1.756 1.840 2.112 1.965 2.386 3.395 

Long 2.7404 1.781 1.871 2.157 2.001 2.438 3.470 

Long 3.1615 1.803 1.896 2.187 2.028 2.472 3.521 

Long 3.5827 1.821 1.914 2.206 2.046 2.493 3.552 

Long 4.0039 1.833 1.925 2.216 2.056 2.504 3.567 

Long 4.2532 1.837 1.928 2.218 2.059 2.506 3.570 

Long 4.2532 1.837 1.928 2.218 2.059 2.506 3.570 

Source: University of California, Davis 

Table 10 shows the reconstruction of combined g-function for two cases: row of 9 GHEs and 

perimeter of 16 GHEs. The percentage difference is very small. However, the difference 

increases with time. This is because of the assumption of constant Qô. 

The user can, therefore, select any GHE configuration based on building load, heat pump 

requirements, and resources available (land, financial capital, and other factors).  
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Table 10 : G-functions for Row of 9 and 16 Ground Heat Exchangers  

ln(t/t_s) 
(t_s= 
51.9 

days) 

Row of 9 
GHE (2 

type 1 & 7 
type 2b) 

Construc-
tion from 

type  
1 & type 2b 

Row of 9 
GHE (2 

type 1 & 7 
type 2b) 

Actual 
CaRM 
simu-
lation 

Row of 9 
GHE (2 

type 1 & 7 
type 2b) 

% 
difference 

Perimeter 
of 16 GHEs 
(4 type 2a 
& 16 type 

2b) 

Construc-
tion from 

type  
2a & type 

2b 

Perimeter 
of 16 

GHEs (4 
type 2a & 
16 type 

2b) 

Actual 
CaRM 
simu-
lation 

Perimeter of 
16 GHEs (4 
type 2a & 16 

type 2b) 

Percentage 
difference 

ï2.7455 0.918 0.918 0.01% 0.918 0.918 ï0.01% 

ï2.3153 1.048 1.048 0.01% 1.048 1.048 ï0.01% 

ï1.8964 1.175 1.176 0.03% 1.175 1.176 ï0.03% 

ï1.4715 1.298 1.299 0.07% 1.299 1.300 ï0.06% 

ï1.0521 1.408 1.410 0.14% 1.409 1.411 ï0.12% 

ï0.6292 1.507 1.511 0.25% 1.509 1.512 ï0.22% 

ï0.2088 1.595 1.601 0.36% 1.600 1.605 ï0.32% 

0.2127 1.679 1.685 0.40% 1.686 1.692 ï0.36% 

0.6343 1.760 1.766 0.33% 1.772 1.777 ï0.31% 

1.0556 1.842 1.845 0.15% 1.857 1.861 ï0.18% 

1.4768 1.923 1.922 ï0.06% 1.941 1.942 ï0.01% 

1.8980 1.995 1.990 ï0.23% 2.016 2.014 0.10% 

2.3192 2.052 2.045 ï0.32% 2.075 2.072 0.14% 

2.7404 2.093 2.086 ï0.34% 2.118 2.115 0.13% 

3.1615 2.122 2.115 ï0.33% 2.147 2.145 0.11% 

3.5827 2.141 2.134 ï0.32% 2.166 2.164 0.10% 

4.0039 2.151 2.144 ï0.32% 2.176 2.174 0.10% 

4.2532 2.154 2.147 ï0.32% 2.178 2.176 0.10% 

4.2532 2.154 2.147 ï0.32% 2.178 2.176 0.10% 

G-functions for row of 9 GHEs and 16 GHEs from CaRM complete simulation and construction from 

individual GHE g-functions. Percentage difference is also shown. 

Source: University of California, Davis 

Mean Fluid Temperature or Cases T amb  Í Tg= 59°F ( 15°C ) : 

According to the approach proposed by Xiong et al. (2015), a simple one-dimensional 

analytical solution was used to estimate the ground undisturbed tempe rature. The analytical 

equation to calculate the temperature at any point in a semi -infinite medium with surface 

convection can be found in Incropera et al . (2011). 

Figure 19 shows the mean fluid temperature against time in days. The blue curve shows the 

mean fluid temperature calculated using CaRM with Tamb = 72.7°F (22.6°C). The yellow curve 
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shows mean fluid temperature calculated using CaRM with Tamb = 59°F (15°C) to which a 

temperature rise term is added.  

The temperature rise term is calculated as follows. Using an initial temperature of 59°F (15°C) 

and surface temperature of 72.7°F (22.6°C), the analytical equations are used to calculate the 

ground temperature at dep ths that correspond to helical GHE nodes in CaRM. The depths of 

these nodes are 1.48 m, 2.43 m, 3.38 m, 4.33 m, 5.28 m, and 6.23 m. An average of these 

temperatures is calculated. The initial temperature, 59°F (15°C), is then subtracted from the 

average temperature to obtain the temperature rise term. The process is carried out for all 

time steps. 

Figure 19 shows that the simple model can predict the temperatur e rise to a reasonable level 

of accuracy. However, more sophisticated models such as those available in EnergyPlus can be 

explored further. It should also be noted that the undisturbed ground temperature is 59°F 

(15°C) in both cases, which is also the mean fluid temperature at time = 0 hours. This value is 

not shown on the graph (since ln(t/t s) term becomes undefined for g -function graphs). At time 

= 1 hour, the mean fluid temperature for (CaRM 72.7°F [22.6°C]) is 60.19°F (15.66°C). 

Figure 19 : Mean Fluid Temperature Calculated at Different Ambient Conditions  

 

Mean fluid temperature calculated using (a) CaRM with Tamb = 72.7°F (22.6°C) (b) CaRM with Tamb = 59°F+ 

(15°C+). Temperature rise calculated using analytical model. The difference between the two is shown on 

the secondary axis. 

Source: University of California, Davis 

EnergyPlus Integration  
The g-functions developed using the CaRM model were applied in EnergyPlus to simulate 

building energy consumption when using a ground-source heat pump coupled to the large -

diameter shallow bore GHE. The simulations were performed on 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 2400 ft 2 (223 m2) with window -to-wall 

ratio of 15 percent. Figure 20 shows a three-dimensional rendering of the two -story home 

model, and Table 11 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 
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analysis. The baseline heating and cooling system for the home consists of a direct expansion 

unitary air -to-air heat pump.  

Figure 20 : Rendering of Detached Home Model Used for EnergyPlus Modeling  

 
Source: University of California, Davis 
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Table 11 : Basic Features of Detached Home Model  
Used for Simulation Analysis  

Building Characteristic Value 

General Home Dimensions 
    Conditioned floor area 

     Roof Area  

     Number of Stories 

    Window-to-Wall Ratio 

 

2400 ft2 (223 m2) 

1270 ft2 (118 m2) 

2 

0.15 

Wall Area by Orientation  

    North 

    East 

    South 

    West 

 

569.2 ft2 (52.9 m2) 

421.8 ft2 (39.2 m2) 

569.2 ft2 (52.9 m2) 

421.8 ft2 (39.2 m2) 

Foundation Type Slab-on-grade 

Effective Air Leakage Area  

   Living Space 

   Attic  

 

1.813 ft2 (0.1685 m2) 

0.398 ft2 (0.037 m2) 

Air-to-Air Nominal System Efficiency* Carrier 25HBC542AP030** 

COP Heating: 46.99°F (8.33°C) Outdoor DB, 
70°F (21.11°C) Indoor DB 

3.74 

COP Cooling: 95°F (35°C) Outdoor DB, 
66.99°F (19.44°C) Indoor WB 

3.61 

Water-to-Air Nominal System Efficiency* Carrier GB042* 

COP Heating: 50°F (10°C) EWT, 50°F (10°C) 
Indoor DB, 50°F (10°C) Indoor WB 

6.21 

COP Cooling: 50°F (10°C) EWT, 50°F (10°C) 
Indoor DB, 50°F (10°C) Indoor WB 

7.10 

*Nominal system efficiency for EnergyPlus based on rated conditions shown for each COP value 

(DB=drybulb temperature, WB=wetbulb temperature, and EWT=entering water temperature). 

**performance curves based on manufacturer data tables 

Source: University of California, Davis 

California Climate Zones  

The simulation analysis for the energy performance of the shallow GCHP is carried out for 16 

locations to represent the California climate zones as depicted by the map of Figure 21. The 

annual heating and cooling degree days for the selected 16 Californian locations are 

summarized in Table 12. California includes a wide spectrum of climatic conditions ranging 

from cold (Arcata and Bishop) to hot (Brawley) weather. However, most zones in California 

exhibit mild climates with cooling  and heating thermal needs, with some dominance of cooling 

requirements especially for buildings with significant internal loads.  

  



 

 

43 

Figure 21 : Map of 16 California Climate Zones  

 

Source: University of California, Davis 
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Table 12 : Summary of Annual Heating and Cooling Degree Days  

Climate Zone (CZ) Reference City 
Heating Degree 

Days  
(65°F [18°C]) 

Cooling Degree 
Days  

(80°F [27°C]) 

CZ1 (Arcata) 4496 0 

CZ2 (Napa) 2844 456 

CZ3 (San Francisco) 3042 108 

CZ4 (San Jose) 2335 574 

CZ5 (Santa Maria) 2844 456 

CZ6 (Los Angeles International Airport) 1458 727 

CZ7 (San Diego) 1256 984 

CZ8 (Long Beach) 1430 1201 

CZ9 (Los Angeles Civic Center) 1154 1537 

CZ10 (Riverside) 1678 1456 

CZ11 (Red Bluff) 2688 1904 

CZ12 (Stockton) 2702 1470 

CZ13 (Fresno) 2702 1470 

CZ14 (Barstow) 2581 4239 

CZ15 (Brawley) 1106 6565 

CZ16 (Bishop) 4313 1037 

Summary of annual heating and cooling degree days for 16 locations representative of California climate 

zones based on 65oF (18oC) for heating and 80°F (26.67°C) for cooling.  

Source: 

https://www.pge.com/includes/docs/pdfs/about/edusafety/training/pec/toolbox/arch/climate/california_cli

mate_zones_01-16.pdf 

 

 

 

https://www.pge.com/includes/docs/pdfs/about/edusafety/training/pec/toolbox/arch/climate/california_climate_zones_01-16.pdf
https://www.pge.com/includes/docs/pdfs/about/edusafety/training/pec/toolbox/arch/climate/california_climate_zones_01-16.pdf
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CHAPTER 3: 
Project Results  

Lab Testing Results  

Results from Single Bore Testing  

One of the primary goals of the single bore testing was to determine whether a single bore 

could achieve a nominal capacity of 1200W. The first test run ( Figure 22) was intended to 

check whether the bores could absorb 1200W effectively. However, the control for the 

irrigation system failed, so the moisture in the bore fell below the intended 20 percent critical 

level. The first test therefore was a dry bore test. The top and 10ô depth moisture levels were 

2 percent and 3 percent, respectively. As shown in Figure 23, the return temperature did not 

increase appreciably during the hour duration of the test, which indicates that the ground was 

able to absorb most of the heat even with the absence of adequate moisture. Testing was 

arrested after about 45 minutes so that re searchers could address the irrigation problem. 

Figure 22 : Test at 1200W with a Dry Bore  

 
Source: University of California, Davis 

The second test (Figure 23) was to determine whether the single bore with adequate irrigation 

could handle a 300W load, or a quarter of the desired capacity, for a simulated three -hour 

heating event. This test was also a chance to ensure that the irrigation system in the  bore 

worked adequately. The surface moisture sensor was around 8 percent, but the average 

moisture level in the bore was 22 percent and therefore deemed adequate for the test. When 

the pump for the test was first turned on at 9:55  a.m., the first slug of water through the bore 

was colder than the return temperature. This is the volume of water in the pipe between the 

hot tank and the bore inlet, and the beginnings of all these tests have a fluctuation before the 

system can stabilize. The outlet temperature of the bore rose slightly over three hours, but 
appeared to level off at around 70ɕF. This is an indication that the bore could easily handle this 



 

 

46 

load. Testing was arrested after a few hours, and the soil could relax for a few days before the 

next test was run.  

Figure 23 : Single Bore Test at 300W and 1 gpm  

 
Source: University of California, Davis 

The next test ( Figure 24) was virtually the same as the previous test, except the load was 

doubled to 600W. Testing was arrested after three hours because the bore outlet temperature 

had stabilized. During this test, there were a few small fluctuations in the b ore inlet 

temperature, which led to similar fluctuations in the boreôs load. These were due to some 

minor issues with the water heater control that were later resolved. Regardless, the result of 

this test was that 600W was less than the capacity of the bor e.  

Figure 24 : Single Bore Test at 600W and 1 gpm  

 
Source: University of California, Davis 
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The next test ( Figure 25) was similar to the first tw o, but with a 900W load. The soil 

temperatures for this test were generally higher than the first two, so the return temperature 
started out around 80ɕF. The soil temperature had a slight upward trend for the few hours 

before the test began, and this was r egarded as a natural/weather-based phenomenon.  

Figure 25 : Single Bore Test at 900W and 1 gpm  

 
Source: University of California, Davis 

The final single load test (Figure 26) was run for a longer period of time, about 18 hours. The 

flow rate had some fluctuations in the evening, which caused too low a load, but after 

correction, the test was completed overnight. Because the outlet temperature stayed  virtually 

the same throughout the test, the bore absorbed the whole load, and it was confirmed that a 

single bore has a capacity of 1200W.  

Figure 26 : Single Bore Test at 1200W and 1 gpm  

 
Source: University of California, Davis 
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Next, the effect of the flow rate through the bore was examined. It was presumed that lower 

flow rates would increase the temperature difference between supply and return water, which 

would affect heat pump performance. Figure 27 shows a test run at 600W at 1.2 gpm and 

Figure 28 shows a test run at 600W at 0.8 gpm. The average temperature difference of the 

test at 0.8 gpm is clearly a few degrees higher (about 5°F [2.8°C] as opposed to about 3°F 

[1.7°C]), which confirms that more heat can be rejected to the ground per unit water at lower 

flow rates. 

Figure 27 : Single Bore Test at 600W and 1.2 gpm  

 
Source: University of California, Davis 

Figure 28 : Single Bore Test at 600W and 0.8 gpm  

 
Source: University of California, Davis 

Figure 29 shows a long-term constant load test where 1200W was rejected to the ground for 

multiple days. After about 9  a.m. on the third day of testing, the flow became unsteady because 
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there was an obstruction in the hot water line, but for the period before this, heat was 

successfully rejected to the ground for multiple days. The brief spikes in delivery temperature 

during the first half of the figure did not appreciably affect the testôs outcome. The spikes 

occurred when the water level in the tank was low and the water heater cycled on, causing an 

overheating in the tank to which the controls struggled to react. Nevertheless, the bores were 

able to dissipate the load as the temperature difference did not get appreciably different 

between them until the flow became unsteady and the load spiked consistently.  

Figure 29 : Single Bore Test at 1200W, 1 gpm  Constant Load Long Term  

 
Source: University of California, Davis 

The last single bore test was performed at 1200W with an intermittent, four -hours-on/four -

hours-off, loading pattern over the course of a few days ( Figure 30). This provided an 

opportunity for researchers to observe the bores between loading events and to see if a single 

bore could handle a quasi-realistic loading pattern with downtime between loading events to 

simulate the operation of a real heat pump. During the heating events, the bore reacted as 

expected. While the bore was not being loaded, the inlet and outlet temperatures of the bore 

closely followed the outdoor ambient temperature because the temperature sensors were 

buried close to the surface of the bore, which reacted more readily to surface conditions than 

the temperature sensors at lower depths.  
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Figure 30 : Single Bore 1200w Intermittent Load Test  

 
Source: University of California, Davis 

Results from Multiple Bore Testi ng  

The only multiple bore test that was run was a test on three bores in a line. The bores were 

plumbed in parallel and an illustration of the bore arrangement is shown in Figure 1. This 

compared the performance of three bores running at 1 gpm at roughly 1200W per bore for a 

measured total of 3516W. The moisture and temperature between the bores (that is, on the 

helix at either side of the center bore) were also recorded and analyzed. The temperature of 

each bore rose at roughly the same rate until testing was completed after a period of almost 

24 hours. The loads were not exactly the same due to minor differences in flow rate to each 

bore and differences in the installed conditions of the bores. In Figure 31, the light blue and 

green lines are the supply temperatures, and the purple, bright red, and yellow lines are the 

return temperatu res, which explain the disparity in the load applied. The outlet temperatures 

of each bore were observed to rise significantly over the course of the test.  
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Figure 31 : Bore Performance in Multiple Bore Testing at 1200W per Bore  

 
Source: University of California, Davis 

Model Validation  
The CaRM-HE v2 model was validated using a combination of efforts. First, existing field data 

from the Honda Smart Home were used to calibrate the model with estimates of the soil 

properties. Detailed CFD simulations using the same geometry, load conditions, and soil 

properties were then used to validate the CaRM-HE v2 model results. A second validation was 

performed using results from the laboratory testing where soil properties were measured from 

samples taken at the site.  

Model Calibration with Existing Field Data and Validation with Detailed CFD 
Model  

To validate the new CaRM-He v2 model, simulations were performed using the same geometry 

and conditions from the Honda Smart Home with properties that were used for the CaRM -He 

and CFD simulations. Figure 32 shows the difference between outlet fluid temperature 

(temperature of water exiting the ground loop) predicted by CaRM-He, CaRM-He v2, CFD, and 

the measured outlet fluid temperature as a function of time. The fluid outlet temperature was 

predicted every minute; however, for clarity one of every 30 temperature differences is shown 

in the graph.  

Between 11 to 15.5 hours, the flow rate was off; however, the ambient temperature was 

much higher than the ground temperature. Since the CFD model included the pipes in the 

surface zone, during this period the outlet fluid temperature predicted by CFD rose rapidly d ue 

to heat transfer from the ambient.  
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Figure 32 : Modeled Temperature Predictions Compared to Measured Data  

 
Difference between outlet fluid temperature predicted by CaRM-He, CaRM-He v2, CFD, and the measured 

outlet fluid temperature. 

Source: University of California, Davis 

The RMSD values between the predicted and measured outlet fluid temperature for CaRM-He 

and CaRM-He v2 were approximately the same (respectively 0.94°F [0.52°C] and 0.99°F 

[0.55°C]) when the flow was switched on. W hen the entire period is considered, the RMSD 

value between the measured outlet fluid temperature and that predicted by the new version 

was lower than that of the initial version ( 2.3°F [1.28°C] for CaRM-He and 1.55°F [0.86°C] for 

CaRM-He v2). As reference, the RMSD between the CFD result and measured outlet fluid 

temperature for the overall 273 hoursô period was 1.39°F (0.77ęC). 

Figure 33 shows the ground temperature fro m CaRM-He, CaRM v2, and CFD simulations at 1 

hours and 21 hours after the start of simulations at different distances from the axis of the 

GHE. All three models predict that the maximum temperature occurs at the bore hole wall. 

However, the temperature of the bore hole wall predicted by CaRM-He was higher than that 

predicted by CaRM-He v2 and CFD. The difference was less initially. After one hour, the bore 

wall temperatures were 20.8ęC, 20.6ęC, and 20.4ęC from CaRM-He, CaRM-He v2, and CFD, 

respectively. However, after 21 hours the difference was higher, and the bore hole wall 

temperatures were 26.8ęC, 25.8ęC, and 24.5ęC from CaRM-He, CaRM-He v2, and CFD, 

respectively. Hence after the modifications to the bore hole part of the model, the CaRM-He v2 

results were closer to CFD results. Another observation in Figure 33 is that the core 
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temperature predicted by CaRM-He v2 is higher than both CaRM-He and CFD. This is 

somewhat misleading since that temperature in both the original and improved CaRM-He 

model represents the temperature of the entire core. As we can see from the CFD model 

results, there is a core temperature profile that increases as it approaches the bore wall. 

Therefore, the core temperature predicted by CaRM-He v2 more closely matches the average 

core temperature predicted by CFD and provides improved predictions over CaRM-He. 

Figure 33 : Short -Term Ground Temperature Profile from Models  

 
Ground temperature profile from CaRM-He, CaRM-He v2, and CFD after 1 hour and 21 

hours after start of simulation. 

Source: University of California, Davis 

Figure 34 shows the ground temperature from CaRM-He, CaRM-He v2, and CFD at 44 hours, 

120 hours, and 184 hours after the start of simulations at different distances from the axis of 

the GHE. As was seen before, CaRM-He predicted bore hole wall temperature was higher than 

that of CFD and CaRM-He v2. However, as time progressed, the temperature gradient 

predicted by the three models became similar. This indicates the heat conducted outward from 

the bore hole wall was similar for all three models in the long -term due to saturation of the soil 

in the core. 
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Figure 34 : Long -Term Ground T emperature Profile from Models  

 
Ground temperature profile from CaRM-He, CaRM-He v2, and CFD after 44 hours and 120 

hours after start of simulation. 

Source: University of California, Davis 

As described in the preceding sections, the CaRM-He model (original and revised versions) can 

discretize the ground into a number of elements along the depth. The temperatures averaged 

over the depth were calculated for each model. It was found that core temperatures from 

CaRM-He v2 matched the CFD results better compared to the original CaRM-He. The RMSD 

between CaRM-He v2 and CFD was 0.29ęC; whereas, the RMSD between CaRM-He and CFD 

was 0.39ęC. This indicates an improvement of 27 percent in prediction of the core 

temperature. 

The depth average bore wall temperature predicted by each model was also calculated. The 

predicted bore wall temperature from CaRM-He v2 matched the CFD results better compared 

to the original CaRM-He. The RMSD for CaRM-He v2 and CFD was 0.75ęC; whereas, the RMSD 

between the original CaRM-He and CFD was 1.16ęC. This indicates an improvement of 35 

percent in prediction of the bore wall temperature. Accurate calculation of the bore wall 

temperature is essential to calculate dimensionless parameters called g-functions that provide 

an efficient method of estimating the GHE performance. Thus an improvement in the CaRM-He 

modelôs capability to predict the soil temperature profiles is a major advancement. 

A detailed comparison of the soil temperatures at different locations predicted by the models 

with respect to depth and time is now presented. Figure 35 shows the contour maps of core 

temperatures from CaRM-He v2 (Figure 35.a) and CFD (Figure 35.b) with depth on the y -axis 

and time on the x -axis. The measured inlet fluid temperature was superimposed over the 

contour maps to help to correlate the response of soil temperatur e to heat being rejected in 

the GHE. The temperature difference between CFD and CaRM-He v2 predicted results is 

plotted in Figure 35.c. The maximum negative and positive differences between CFD and 

CaRM-He v2 predicted core temperatures were -0.87 and 5ęC, respectively. It can be seen in 
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Figure 35.c that the temperature difference was within -0.87 to 1ęC (that is, within Ñ3 percent 

of the temperature predicted by CFD) for most of the domain, except for some locations at the 

top and the bottom for a few hours. These brief periods of mismatch mostly occurred after a 

period of heat transfe r to the ground followed by the flow being turned off. The dissipation of 

this heat built up in the ground at the surface and bottom zones was modelled in 3D in CFD. 

In CaRM-He the heat transfer in the surface and bottom zones was modelled in 1D. This coul d 

be a possible reason for the slight mismatch. 

Figure 35 : Core Temperatures Predicted by Models  

 

Core temperatures predicted by (a) CaRM-He v2 (color map) with depth on the y-axis and time on the x-

axis, (b) CFD. The measured fluid inlet temperature was also plotted over the contour maps to help 

understand how it affected the ground temperature. (c) Temperature difference between CFD and CaRM-

He v2 (TCFD-TCaRM-He v2). 

Source: University of California, Davis 

Similarly, Figure 36 shows the bore wall temperatures from measured data, CaRM-He v2 

(Figure 36.a) and CFD (Figure 36.b) with depth on the y -axis and time on the x -axis. Figure 

36.c shows the temperature difference between CFD and CaRM-He v2 predicted results. The 

maximum negative and positive temperature differences between CFD and CaRM-He v2 

predicted bore wall temperatures was -2.18 and 4ęC. It can be seen in Figure 36.c that the 

temperature difference was within -2.18 to 0ęC (that is, within Ñ7 percent of the temperature 
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predicted by CFD) for most of the domain, except for some locatio ns at the top and the 

bottom for a few hours.  

Figure 36 : Bore wall  Temperatures Predicted by Models  

 

Bore wall temperatures predicted by (a) CaRM-He v2 (color map) with depth on the y-axis and time on the 

x-axis, (b) CFD. The measured fluid inlet temperature was also plotted over the contour maps to help 

understand how it affected the ground temperature. (c) Temperature difference between CFD and CaRM-

He v2 (TCFD-TCaRM-He v2). 

Source: University of California, Davis 

In summary, the revised CaRM model is better able to model the heat transfer inside the bore 

hole. The resultant revised model simulation for the same field data indicated a closer match 

with CFD results for the core and bore wall temperatures. The RMSD between the new CaRM 

and CFD was 0.29ęC for the average core temperature and 0.75ęC for the bore wall 

temperature. This revised CaRM tool can hence be used for long-term simulations of GHE 

performance, while also obtaining a temperature map at different dept hs and distances from 

axis of bore hole. Finally, the new tool can be used to develop g -functions for helical ground 

heat exchangers to be integrated in building simulation software to carry out rapidly integrated 

computer simulations.  
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Model Validation wi th Laboratory Data  

Soil Property Measurement Results  

One excavated soil sample was sent to UC Davis Analytical Lab for compositional analysis. The 

analysis included percentage volume of solid fraction of sand (14 percent), silt (48 percent) 

and clay (37 percent). Total organic carbon percentage was also measured (0.61 percent). Soil 

sample mass was measured using a mass balance, and along with the soil volume was used to 

estimate density. Using the density and soil composition, the soil specific heat capacity was 

calculated at different moisture levels as a weighted average of the constituents. A similar 

approach was adopted for fine sand used to backfill the bores.  

Soil sample thermal conductivity was measured using a Thermtest probe (TLS-100) with an 

accuracy of 5 percent in accordance with ASTM D5334 (2014). Moisture at two locations within 

the 3-inch (76.2 mm) diameter and 8.9 -inch-long (226 mm) soil sample was also recorded to 

obtain data of thermal conductivity as a function of moisture content. A simi lar approach was 

adopted for obtaining thermal conductivity of fine sand used to backfill the bores. The only 

differences were that due to the free -flowing nature of sand, the measurements were carried 

out in a glass beaker and using a single moisture probe. 

Figure 37 (a) and (b) shows the variation in thermal conductivity of soil and sand, respectively, 

as a function of percentage of volumetric moisture content. The erro r associated with sensor 

bias errors are also shown. Note that thermal conductivity scale for soil was highly magnified, 

which makes the error bars appear large. The soil thermal conductivity increases slightly (0.05 

Wm-1K-1 or 4.2 percent) with increase i n moisture from about 25 percent to 42 percent. In 

contrast, the increase is much more dramatic in sand thermal conductivity, which increases by 

more than a factor of 4.5 as moisture increases from 4.3 percent to 35.5 percent. This trend 

indicates that it might be more important to irrigate the core than the bore -field area to 

improve the performance of the GHE. 

Figure 37 : Soil Thermal Conductivity Testing  

 
Soil thermal conductivity variation with changes in moisture in (a) soil (b) sand. 

Source: University of California, Davis 

Single Bore Test Data and Validation  

Figure 38 shows the measured inlet and outlet temperature from the single bore cyc lic test. 

The ambient air temperature and the far -field temperature nearest to the surface (depth of 
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2.5 ft) are also shown for reference. The mass flow rate is shown on a secondary axis. The 

test was not the first performed at the site, and therefore the soil was not at undisturbed 

ground temperature. Figure 38 also shows outlet temperature predicted by CaRM when flow 

was ON. 

Figure 38 : Measured and Modeled Inlet and Outlet Temperature for Single Bore 
with Cyclic Loading  

 
Inlet and outlet temperatures measured for the single bore cyclic test. The ambient air temperature and the 

far-field temperature nearest to the surface (depth of 2.5 ft) are also shown for reference. The mass flow 

rate is shown on a secondary axis. Outlet temperature predicted by CaRM during the ON period is shown 

for comparison. 

Source: University of California, Davis 

When the flow was OFF the measured outlet temperature was influenced more by the 

environmental conditions; therefore, it does not truly represent the temperature of the water 

inside the GHE. This is to be expected as the outlet section of the pipe is buried in the ground 

near the surface without insulation. There were considerable fluctuations in the mass flow rate 

at some time periods. The average mass flow rate (during the ON period) was 0.0643 kg s -1, 

which was the constant value used as an input in CaRM during the ON period. 

The moisture levels measured during the test varied spatially, especially in the depth. The 

average core, surface, bore hole surrounding, and deep zone moisture were 26 percent, 11 

percent, 42 percent, and 46 percent, respectively. The measured zone moisture at each time 

step was used as an input in the model. Figure 38 shows the measured and predicted outlet 

temperatures match overall. Since the test did not start at the undisturbed gr ound 

temperature, there was some difference when the flow was turned on the first time (four to 

eight hours). The results matched well after the twelfth hour. The root mean square difference 

(RMSD) for this period was 1.85°F (1.03°C). The overall RMSD was 2.41°F (1.34°C). Possible 

cause for the rising trend of the outlet predicted by CaRM could be variation and inaccuracies 

in measurement of the thermal conductivity.  

Figure 39 shows the measured depth average bore hole wall temperature along with that 

obtained from CaRM results. Except for the first four hours, the results matched well. The 

RMSD for the 4 to 36-hour period was 0.49°F (0.27°C), while the overall RMSD was 2.00°F 

(1.11°C). Tests under other loads and longer time durations are underway.   
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Figure 39 : Measured and Modeled Bore hole  Wall Temperature  

 
The measured depth average bore hole wall temperature and CaRM predicted depth average bore hole 

wall temperature. Mass flow rate is also shown for reference.  

Source: University of California, Davis 

Multiple Bore Test Data and Validation  

Figure 40 shows the measured combined inlet and combined outlet temperature from the 

multiple bore continuous load test. The ambient air temperature is also shown for reference. 

The mass flow rate is shown on the secondary axis. The time average load for the duration of 

the test, for all three bores, was 2759 -W. The time average combined mass flow rate was 

0.176 kg s-1, which was the constant value used as an input in CaRM. The average moisture at 

core, surface, bore hole surrounding, and deep zone moisture was 25 percent, 11 percent, 42 

percent, and 46 percent, respectively, similar to the single bore test. Figure 40 also shows 

combined outlet temperature predicted by CaRM, which matched well with the measured 

value. The RMSD between the simulation results and measurements was 1.71°F (0.95°C).  

Figure 41 shows the measured depth average bore hole wall temperature for Bore 2/D along 

with that obtained from CaRM results. The results matched well; however, an offset is present. 

The overall RMSD was 1.21°F (0.67°C). Testing in other configurations (corner) and loads is in 

progress. Soil experiments are also underway to investigate the soil thermal conductivity over 

a wider range of moisture.  
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Figure 40 : Measured and Modeled Inlet and Outlet Temperature for Multip le Bore 
w ith Constant Loading  

 
The combined inlet and outlet temperatures measured for the multiple bore continuous load test. The 

ambient air temperature is also shown for reference. The mass flow rate is shown on a secondary axis.  

Source: University of California, Davis 

Figure 41 : Measured and Modeled Bore hole  Wall Temperature for Multiple Bore 

w ith Constant Loading  

 
The measured depth average bore hole wall temperature of Bore 2/D and CaRM predicted depth average 

bore hole wall temperature. Mass flow rate are also shown for reference.  

Source: University of California, Davis 

In summary, the CaRM-He v2 model was validated against lab test data. Using a multiple bore 

test site, temperature and moisture data were collected for intermittent and continuous tests. 

In addition to field data of the performance of the GHE, experiments were performed to 

measure soil thermal conductivity at different moisture level s. Moisture had a considerable 

effect on the conductivity of sand, while its effect was minimal on the soil conductivity from 25 

to 42 percent moisture content. The model predicted outlet fluid and bore hole wall 

temperature well when compared with the exp erimental data. The root mean square deviation 

between model and lab bore hole wall temperatures was 1.21°F (0.67°C). 
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Ground Heat Exchanger Parametric Analysis  
A parametric analysis was performed using the validated CaRM model to understand the 

implications of changing a range of GHE geometrical variables including bore hole spacing, 

number of GHEs, bore hole depth, bore hole arrangement, and soil properties. A modified 

version of the CaRM model that includes a water-to-air heat pump was used for the analysis. 

The building load for the analysis was determined from a 2,700 sq. ft. home in California 

climate zones 10 (Riverside) and 12 (Sacramento). The California Building Energy Code 

Compliance for Residential buildings (CBECC-Res) energy simulation tool was used to calculate 

the cooling and heating load of a detached, single-family, two story home for each of the 

three California climate zones. The total conditioned area was 2,700 ft2 (250.8 m2), not 

including an attached garage. The house construction is based on the 2013 California 

Residential Alternative Calculation Method (ACM) Reference Manual prototype houses. Table 

13 lists the main characteristics of the home model.  

Table 13 : Basic Characteristics of Home Model Used  

Building Characteristic  Value  

General building dimensions  

ï Conditioned floor area 

ï Roof area 

ï Number of stories 

ï Window-to-wall ratio  

 

250.8 m2 (2700 ft 2) 

134.7 m2 (1450 ft 2) 

2 

0.20 

Wall area by orientation  

ï North 

ï East 

ï South 

ï West 

 

672.5 ft 2 (62.5 m2)  

672.5 ft 2 (62.5 m2) 

672.5 ft 2 (62.5 m2) 

672.5 ft 2 (62.5 m2) 

Foundation type  Slab-on-grade 

Effective air leakage area  

ï Living space 

ï Attic 

 

5 ACH @ 50Pa 

N/A (Ventilated) 

Source: University of California, Davis 

Figure 42 shows the ambient air, dry bulb temperature for climate zone (CZ) 12 (Sacramento) 

used in the building and CaRM models. The line represents a least square curve fit of the 

outdoor air temperat ure.  
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Figure 42 : Ambient Air, Dry Bulb Temperature for Climate Zone 12 and Periodic 
Temperature Curve Fitted to Data   

 
Source: University of California, Davis 

Figure 43(a) shows the hourly building load profile resulting from the CBECC-Res simulation 

for a typical year in CZ12 Sacramento. The summer (cooling) load is shown as positive (that is, 

heat removed from the building is positive). Figure 43(b) shows the cumulative summer 

(cooling) and winter (heating) load for CZ12 Sacramento for one year in kilowatt -hours (kWh). 

It can be seen that the load is winter dominant ( 67 percent of overall building load). It should 

also be noted that there are 502 hours of the year when cooling is required and 1605 hours 

when heating is required. 

  




















































