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Despite the low energy consumption and lower maintenance benefits of ground-source heat
pump (GSHP) systems, little work has been undertaken in detailed analysis and simulation of
such systems. Long-term transient ground heat transfer significantly affects the performance of
these systems. Annual and multi-year simulation consequently becomes an invaluable tool in the
design of such systems—both in terms of calculating annual building loads and long-term
ground thermal response.
The EnergyPlus program, which makes use of variable time-step sizes in its simulation of
building systems, was extended to allow multi-year simulations. Models of a water-source heat
pump and a vertical borehole ground-loop heat exchanger have been implemented in EnergyPlus. The ground heat exchanger model uses Eskilson’s “g-functions” to model response to
time-varying heat fluxes and has been extended to include a computationally efficient variable
time-step load aggregation scheme. The performance of this model has been compared with an
analytical line source approximation. For a steady periodic input that included pulsated heat
extraction, the model agreed with the analytical solution to within 2°C. The heat pump model
was able to predict power and heat transfer rates over a wide range of operating conditions to
within ±10% of published data.
Experimental data from the Oklahoma State Hybrid Ground Source Heat Pump Laboratory
have been used to validate both the heat pump and ground heat exchanger models. System simulation results were compared with five days of experimental data. The results showed an average error in the predicted ground heat transfer rate of less than 6% and average errors in the
predicted heat pump power and the predicted source-side heat transfer rate of less than 3% and
4%, respectively. Using these models, it is possible to represent GSHP systems in a flexible way
and examine their performance over the extended periods required for proper analysis.

INTRODUCTION
Using the ground as a heat source or sink in an air-conditioning system is attractive from a
thermodynamic point of view, as the grounds’ temperature is generally much closer to room
conditions than the ambient dry-bulb or wet-bulb temperatures over the whole year. This results
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in both improved performance and increased capacity during extremely hot or cold weather. For
these reasons, ground-coupled heat pump systems are potentially more efficient than conventional air-to-air systems.
Ground-source heat pump (GSHP) systems commonly consist of either water-to-water or
water-to-air heat pumps coupled to closed-loop vertical borehole heat exchangers. Closed-loop
ground heat exchangers of this type consist of a borehole (of 75–150 mm diameter) into which is
inserted one or more loops of high-density polyethylene pipe with a “U” bend at the bottom. The
borehole is then either backfilled or, more commonly, grouted over its full depth. The depth of
the borehole typically varies between 30 and 120 m.
The performance of closed-loop ground heat exchangers is rather different than air-coupled
heat exchangers in that the primary heat transfer mechanism is conduction rather than convection. The most significant implication of this is that, depending on the balance between extraction and rejection of heat from and to the ground, the ground temperature in the neighborhood of
the heat exchanger may rise or fall not only in response to short-term fluctuations in plant operation but also over the life of the system.
This is particularly important where the building loads are cooling or heating dominated. In
such cases, the ground temperature may potentially rise or fall over a number of years, resulting in a lowering of heat pump performance as the fluid temperature changes in the same direction over time (potentially exceeding its operating refrigerant pressure limits). A design goal
must therefore be to control the rise or drop in temperature within acceptable limits over the
life of the system.
The net heating or cooling of the ground over each season clearly depends on the accumulated
heat rejection and extraction and, therefore, on the building loads throughout the whole year. It
also depends on the depth, spacing, number, and configuration of the boreholes in addition to the
thermal properties of the pipe, grout, and surrounding rock. It is important that the design methodology account for thermal interactions between the boreholes and with the far field. Any
design methodology has to be based then on the building loads calculated throughout the whole
year, not just the peak heating and cooling loads. Annual and multi-year simulations consequently become invaluable tools in the design and energy analysis of such systems—in terms of
calculating both annual building loads and long-term ground thermal response.
The heat pump model by Jin (2002) and the ground-loop heat exchanger (GLHE) model by
Yavuzturk and Spitler (1999) that uses fixed time-step size were developed initially as component models in HVACSIM+ (Clark 1985). Other models of GSHP systems have been
implemented in TRNSYS (SEL 1997). Validation of GSHP models has been very limited—
not least due to the lack of suitable experimental or field data. Yavuzturk and Spitler (2001)
reported a validation exercise using field data from a school building. Acceptable results were
achieved, but within the acknowledged uncertainty of the field data. Thornton et al. (1997)
used field data from residential buildings and sought to “calibrate” their system model by estimating a number of parameters by establishing the “best fit” with the data. The validation
exercise reported here differs in that a complete data set has been collected from a system in
controlled experimental conditions.
This paper presents:
• The implementation of a parameter estimation heat pump model (Jin and Spitler 2002) in the
EnergyPlus Program (Crawley et. al. 2001).
• The development of a variable time-step, g-function-based, load aggregation scheme for the
GLHE model developed by Yavuzturk and Spitler (1999).
• Comparison of the GLHE model to an analytical line source approximation (Hellström 1991).
• Implementation of the heat pump and GLHE models in a multi-year version of EnergyPlus.
• Experimental validation of the EnergyPlus GSHP system simulation.
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The paper by Fisher and Rees (2005) contains some details of the model implementations
and includes a case study illustrating the capabilities of the models in a parametric study
using EnergyPlus.

THE HEAT PUMP MODEL
Hamilton and Miller (1990) classified component models as equation fit models (also called
“functional fit” or “curve fit” models) or deterministic models. Equation fit models treat the system as a black box and fit one or more equations, using published data, to represent the system.
Deterministic models represent the system as an assembly of components that are modeled by
application of basic thermodynamic heat and mass balance relations.
This heat pump model may be denoted as a “parameter estimation” model. The approach is to
form a simplified model from basic thermodynamic heat and mass balance equations applied to
each internal component but to find the required parameter values using manufacturers’ published data. These parameters are estimated using a multi-variable optimization algorithm
(Nelder and Mead 1965). This approach has the advantage over deterministic models in that
detailed data for individual components are not required and over equation fit models in that the
model behaves in a more physically reasonable way over a wider range of operating conditions.
The latter benefit may be essential in a simulation where iterative calculation methods may
require the model to predict performance with conditions outside the normal range.
The water-to-water heat pump model presented here was developed by Jin and Spitler (2002).
It incorporates a detailed compressor model along with simplified heat exchanger models
(UA-effectiveness) and an ideal expansion device. The thermodynamic cycle for an actual single-stage heat pump system may depart significantly from the theoretical cycle. The principal
departure occurs in the compressor. Hence, more attention has been paid to the thermodynamic
processes occurring within the reciprocating compressor. Several modeling assumptions have
been made:
• The compression and expansion in the compressor cycle are isentropic processes with equal
and constant isentropic exponents.
• The isentropic exponent is dependent on the refrigerant type; the values of the isentropic
exponents are obtained from Bourdouxhe et al. (1994).
• The oil has negligible effects on refrigerant properties and compressor operation.
• There are isenthalpic pressure drops at the suction and discharge valves.
The thermodynamic cycle is illustrated in Figure 1. The compression process is assumed to be
isentropic, and when we allow for reexpansion in the clearance volume, the mass flow rate of
the compressor refrigerant is a decreasing function of the pressure ratio so that
P dis 1 ⁄ γ
PD
m· = --------- 1 + C – C ⎛ ----------⎞
,
⎝ P suc⎠
r
v suc

(1)

where m· r is the refrigerant mass flow rate, PD is the piston displacement, vsuc is the specific
volume at suction state, C is the clearance factor, Pdis is the discharge pressure, Psuc is the suction pressure, and γ is the isentropic exponent.
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Figure 1. A pressure-enthalpy representation of the idealized refrigeration cycle (Jin and
Spitler 2002).
Making similar assumptions, the compressor work may be calculated from the thermodynamic work rate of an isentropic process:
γ---------– 1γ

P dis
γ
W· t = ----------- m· P suc v suc ⎛ ----------⎞
⎝ P suc⎠
γ–1 r

–1

(2)

The suction and discharge pressures play important roles in varying the magnitude of the
theoretical mass flow rate. These two pressures are different from the evaporating and condensing pressures due to the pressure drop across suction and discharge valves. Hence, this
effect was represented by including a constant pressure difference between the suction and
discharge temperatures and the respective evaporating and condensing temperatures. This
approach gave better agreement with manufacturers’ data. A similar finding was made by
Popovic and Shapiro (1995).
The electrical and mechanical losses are accounted for by assuming the actual work can be
estimated from a constant component and some proportion of the theoretical work such that
W· = η ⋅ W· t + W· loss ,

(3)

where W· is the compressor power input, W· t is the theoretical power, W· loss is the constant part
of the electrical and mechanical losses, and η is a constant of proportionality.
The enthalpy of the refrigerant at the suction state is determined from the evaporator model
by assuming a constant superheat. The condenser outlet conditions and entering evaporator conditions are calculated assuming zero subcooling and isenthalpic expansion. Heat transfer rates in
the water/refrigerant heat exchangers and the corresponding condensing and evaporating temperatures can be calculated using a UA-effectiveness analysis of the heat exchangers and the
respective water inlet conditions. Assuming isenthalpic expansion and constant superheat gives
an idealized representation of a thermostatic expansion valve.
The required model parameters are given in Table 1. Values of each parameter are found
using a multivariable optimization procedure (Nelder and Mead 1965) with heat pump power
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Table 1. Parameters Estimated for a Heat Pump in Cooling and Heating Modes
Parameter

Cooling

Heating

Piston displacement

0.012544 m3/s

0.01299 m3/s

Clearance factor

0.05469

0.05347

Loss factor

0.69

0.55

Constant loss

2.80 kW

1.46 kW

Pressure drop

92.20 kPa

93.66 kPa

Superheat

4.89°C

4.8°C

Source heat transfer coefficient

4.0 kW/°C

4.20 kW/°C

Load heat transfer coefficient

7.76 kW/°C

8.29 kW/°C

and heat transfer rates from catalog data over a range of operating conditions. Objective function
values were calculated using the differences between calculated and catalog values of heat pump
power and between calculated and catalog values of load-side heat transfer rates. Calculated values of heat pump power and load-side heat transfer rates are compared with the corresponding
values of catalog data for a particular heat pump in Figures 2 and 3. Values of heat transfer rate
and power are mostly with in a ±10% error band.

THE GROUND-LOOP HEAT EXCHANGER MODEL
The theoretical basis for the single U-tube, multiple-borehole GLHE model comes from the
work of Eskilson (1987). His approach to the problem of determining the temperature distribution around a borehole is a hybrid model combining analytical and numerical solution techniques. A two-dimensional numerical calculation is made using transient finite-difference
equations on a radial-axial coordinate system for a single borehole in homogeneous ground with
constant initial and boundary conditions. The temperature fields from single boreholes are
superimposed in space to obtain the response from the whole borehole field. The thermal capacitance and thermal resistance of the individual borehole elements, including the pipe wall, grout,
and fluid flow, are neglected in Eskilson’s model but accounted for in Yavuzturk and Spitler’s
(1999) short time-step model described in the following paragraphs.
The temperature response of the borehole field is converted to a set of nondimensional
temperature response factors called g-functions. The g-functions allow the calculation of
the temperature change at the borehole wall in response to a step heat input. Once the
response of the borehole field to a single step heat pulse is represented with a g-function,
the response to any arbitrary heat rejection/extraction function can be determined by
devolving the heat rejection/extraction into a series of step functions and superimposing the
response to each step function. Eskilson has calculated g-functions (data sets) for a wide
variety of borehole configurations.
Figure 4 shows the temperature response factor curves (g-functions) plotted versus nondimensional time, where t is the time in seconds and ts is the time scale (H2/9α). The g-functions
are plotted for a single rb/H ratio, where rb is the borehole radius and H the borehole depth, and
a single L/H ratio of 0.1, where L is the borehole spacing. In Figure 4, various multiple-borehole
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Figure 2. Calculated cooling capacity vs. catalog cooling capacity (Jin and Spitler 2002).

Figure 3. Calculated power vs. catalog power (Jin and Spitler 2002).

field configurations are compared to the temperature response factor curve for a single borehole.
The thermal interaction between the boreholes is stronger as the number of boreholes in the field
increases and as the time of operation increases. The detailed numerical model used in developing the long time-step g-functions approximates the borehole as a line source of finite length so
that the borehole end effects can be considered. The approximation has the resultant problem
that it is valid only for times estimated by Eskilson to be greater than (5·rb2/α). For a typical
borehole, that might imply times from three to six hours. However, for a model that is suitable
for energy simulation, it is highly desirable that the solution be accurate down to an hour and
below. Furthermore, much of the data developed by Eskilson does not cover periods of less than
a month.
For heat pulses of short duration, heat transfer within the borehole and heat transfer outside
the borehole, in the radial direction, are much more important than heat transfer in the axial
direction. It is consequently possible to use a two-dimensional, radial-angular, finite volume
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Figure 4. Temperature response factors (g-functions) for various multiple-borehole configurations (Yavuzturk and Spitler 1999).

Figure 5. Short time-step g-function curve as an extension of the long time step g-functions
plotted for a single borehole and an 8 × 8 borehole field (Yavuzturk and Spitler 1999).
model to calculate the average fluid temperature in the borehole in response to a heat pulse over
subhourly time scales (Yavuzturk and Spitler 2001). This temperature is then adjusted by the
borehole thermal resistance to determine the average temperature at the borehole wall and then
nondimensionalized to form a g-function. The borehole resistance includes the flow-dependent
convective heat transfer coefficient on the inside of the pipe and is therefore adjusted at each
time-step to properly reflect changes in the flow rate. The resulting short time-step g-function
curve blends into the long time step g-functions developed by Eskilson, as shown in Figure 5.
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The variable time-step model was developed as an extension of the model presented by
Yavuzturk and Spitler (1999). The variable, short time-step model uses a similar algorithm and
extends it to accommodate subhourly responses and variable time-steps. The model includes an
explicit calculation of the outlet fluid temperature of the GLHE.
The uniform time-step model developed by Yavuzturk and Spitler (1999) is able to pre-calculate all the g-functions at the beginning of the simulation. The variable time-step model, on the
other hand, must calculate the g-functions when the borehole response calculation at each
time-step is carried out. For every time-step, a different set of g-functions is needed in the variable time-step model, as the time at which the g-function is to be applied for the past loads
changes for each time-step.
In order to validate the variable short time-step model, it was compared to the analytical line
source model developed by Hellström (1991).
Line source theory is based on the two-dimensional simplification of the general heat conduction equation with a cylindrical heat source as given by Equation 4.
2

2

∂ T 1 ∂T ∂ T
1 ∂T
--- ------ = --------- + --- ------ + --------2
r ∂r ∂z 2
α ∂t
∂r

(4)

where α = thermal diffusivity = k/ρc (m2/s).
The boundary conditions to the GLHE are prescribed surface temperature, prescribed flux,
and heat flow proportional to the temperature difference over a surface thermal resistance.
Though the temperatures of the borehole and the ground vary in the vertical direction, an average value is taken for the entire length of the borehole, neglecting the vertical effects.
Hellström (1991) solved the equation for a pulsed heat flux described by the Heavyside step
function. By superposition he extended the solution to a series of injection and extraction pulses.
The heat transfer rate to the fluid q(t) is represented as series of step-wise constant values, where
q1, q2, q3, …qn, qN, represent steps in the heat transfer rate.
⎧ q1
⎪
⎪q2
⎪
⎪:
q(t)⎨
⎪:
⎪q
⎪ n
⎪q
⎩ N

t1 < t < t2

(t = 0)

t2 < t < t3

(5)
tn < t < tn + 1
t > tN

Then the heat transfer rate q(t) as a function of time at any time t can be expressed as the sum
of the step changes in the heat transfer rate:
N

q ( t ) = ∑ ( q n – q n – 1 )He ( t – t n )
n=1

where

⎧ 1t > 0
( q 0 = 0 ), He ⎨
⎩ 0t ≤ 0

(6)

where He is Heavyside step function and N is the number of heat transfer pulses. Then the fluid
temperature Tf(t) relative to the undisturbed ground temperature Tom can be obtained by superposition of the contribution from each step as
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N
qn – qn – 1
1 ⎛ ⎛ 4α-⎞ ⎞
T f ( t ) – T om = ∑ ⎛ ------------------------ ln ( t – t n )⎞ + q N R b + --------- ⎜ ln ⎜ -----⎟ – γ⎟ ,
⎝ 4πk
⎠
4πk ⎝ ⎝ r 2 ⎠ ⎠
n=1
b

(7)

where γ is the Euler number. The first term gives the contribution of 1 to n pulses and the second
term gives the temperature difference due to resistance offered by the individual borehole elements Rb.
The variable short time-step model was compared to Hellström’s (1991) line source model for
a composite heat extraction function that was obtained by superposition of a constant heat transfer rate, q0 = 60.8 W/m, periodic heat transfer rate, qpsin(2πt/tp), where qp = 60.8 W/m and tp =
720 h, and a pulsated heat transfer rate, q1 = ±43.4 W/m for duration ta to tb. The total heat
extraction rate is given by
q ( t ) = q 0 + q p sin ( 2πt ⁄ t p ) + q 1 [ He ( t – t a ) – He ( t – t b ) ] .

(8)

For each case, the simulation was run for one year at three-minute time steps. The borehole
parameters used in the test are given in Table 2.
Figure 6 shows the results obtained for the composite load profile with a single borehole
configuration. The model-generated borehole temperatures are in good agreement with analytical predictions. The difference between the analytical and the simulation temperature predictions is less than 2°C when the pulse load is applied and less than 1°C for the remainder of the
test, as shown in Figure 7. A spike in the error also occurs at the moment when these loads are
Table 2. The Borehole and Ground Properties
Parameters

Values

Number of boreholes

1

Borehole length

76.2 m

Borehole radius

0.0635 m

Ground thermal conductivity

0.692 W/m⋅K

Ground heat capacity

2347 kJ/m3⋅K

Fluid specific heat

4182.1 J/kg⋅K

Far field temperature

19.3°C

Grout conductivity

0.6926 W/m⋅K

Pipe conductivity

0.3913 W/m⋅K

Fluid conductivity

0.6026 W/m⋅K

Fluid density

998.2 kg/m3

Dynamic viscosity

0.000987 m2/s

Pipe outer diameter

0.0266 m

U-tube shank distance

0.0253 m

Pipe wall thickness

0.00241 m
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Figure 6. Comparison of borehole temperatures predicted by analytical and simulation
models for a single borehole configuration with composite load.

Figure 7. Difference between borehole temperatures predicted by the analytical and simulation models for a single borehole configuration with composite heat extraction.
removed. At these points the difference is 1.7°C. In the absence of the pulse load, the error is
within ±0.75°C.

LOAD AGGREGATION
The short time step model described previously runs in “quadratic time”—the number of
superposition calculations is proportional to the square of the number of time steps in the simulation. This is because in short time step models the ground loads are devolved into individual
step pulses and are superimposed in time for each time step using short time step g-functions.
This model, though theoretically good, cannot be used in a simulation program/environment
without improving the computation time. The g-function model developed for analytical studies
uses an accurate but inefficient algorithm to determine the short time temperature variations of
the GLHE. Load aggregation schemes have been previously used to reduce computation time
(Bernier et al. 2004; Yavuzturk and Spitler 1999).
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The load aggregation scheme implemented in EnergyPlus utilizes the fact that the contribution of previous time-step loads to the calculation of the current effective borehole/fluid temperature diminishes progressively as one moves back in time. Since the importance of the
contribution of a load at a given time-step diminishes in subsequent time-steps, these past loads
can be lumped together into a sequence of larger blocks without introducing significant error in
the calculation. Each block represents an average load for a specific past time period. The borehole temperature variations for each time step can be found by superposing the past history of
load blocks onto more recent ones.
The EnergyPlus load aggregation algorithm extends the algorithm developed by Yavuzturk
and Spitler (1999) to account for subhourly, variable time steps. Since this model was extended
to account for subhourly variations, there is an additional burden of subhourly ground-loop
loads. In addition to the user-definable “blocks” (usually 730 hours, equivalent to a month, as
suggested by Yavuzturk and Spitler [1999]), the aggregation algorithm must also keep track of a
subhourly load history. According to Yavuzturk and Spitler (2000), generally a few hours of
subhourly load history terms are enough to account for the subhourly variation in the ground
temperature. A block of ten hours or even five hours of subhourly history terms would adequately reflect subhourly variation for each time step. This reduces the memory requirement by
more than 99%.
In the variable time-step simulation environments, the time-step increments are not uniform.
As a result, the g-functions, which can be pre-calculated for uniform time-step simulations, must
be calculated sequentially as the simulation progresses. Figure 8 illustrates the load aggregation
scheme showing three larger monthly load blocks, three hourly loads, and three subhourly loads
along with the time at which each occurred. The figure also shows the time at which the g-functions are applied to the different load blocks.
For example, to calculate the response to the aggregated load 1" (at the end of 730 hours) for
the current time step (at 2193.733 hours), a g-function at 1463.73 hours is applied. The g-function
for the same block, 1", at the previous time step, which occurred at 2193.25 hours, would be
applied at 1463.25 hours. Rather than storing the time at which the past monthly, hourly, or subhourly loads occur for each time step of the simulation, the g-functions are estimated with the current simulation time and the time at which the load block ends, which is a multiple of the monthly
duration of the block size. Only the subhourly loads require storage of simulation times.

Figure 8. Illustration of the variable time-step model g-function calculation.
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Thus, the algorithm keeps track of the subhourly loads along with their time of occurrence for
a user-defined length of time during which the subhourly calculations are made. The algorithm
also estimates the time-weighted hourly loads from their corresponding subhourly loads as each
hour passes. The subhourly loads are time weighted to account for the irregular interval at which
the time step occurs.
The borehole temperature for any time step is computed by superimposing the monthly
(larger time block loads) hourly and subhourly loads for each time step. Superposing the temperature responses of monthly blocks over the shorter, namely, the hourly and subhourly, blocks
introduces some error in the borehole temperature calculation at the beginning of every month.
Yavuzturk and Spitler (1999) suggest a method to reduce the error in borehole temperature prediction by using a minimum hourly history period during which only the short time-step superposition is carried out. In the EnergyPlus model this idea is extended to subhourly loads as well.
Thus, a user-specified minimum subhourly history period is included along with the minimum
hourly history period to model the subhourly variations. During this period, only subhourly and
hourly superpositions are made. This guarantees that at any given time step the superposition of
temperature responses involves a minimum period of short time responses, which ensures a better estimation of borehole temperature. For the previous example (Figure 8), a minimum hourly
history period of 96 hours and a minimum subhourly history period of 5 hours would result in
only two monthly aggregation blocks. A third monthly aggregation does not occur because neither the minimum hourly history period of 96 hours nor the subhourly history period of 5 hours
is met. In this case, an hourly superposition of the loads is carried out for the third month until
the minimum subhourly history period, after which subhourly superposition is carried out.
Applying this constraint to the illustration shown in Figure 8 would result in the following fluid
temperature at current time t = 2193.733 hours.

2

T 2193.733 = T ground + ∑
m=1
2188

+

∑
n = 1460
2193.733

+

∑
p = 2188

=
q=m – q m – 1 ⎛ t 2193.733 – t 730 ( m – 1 ) r b⎞
-------------------------- g ------------------------------------------------ , ---H⎠
2πk ground ⎝
ts

q n – q n – 1 ⎛ t 2193.733 – t n – 1 r b⎞
------------------------ g ------------------------------------ , ---H⎠
2πk ground ⎝
ts

(9)

q p – q p – 1 ⎛ t 2193.733 – t p r b⎞
------------------------ g ----------------------------- , ---2πk ground ⎝
ts
H⎠

Yavuzturk and Spitler (1999) have performed a detailed analysis of the effect of the minimum
hourly history period. They found that a minimum hourly history period of 192 hours for an
annual simulation would reduce the computation time by 90% and obtained acceptable precision. They also found that, for a 20-year simulation, the computation time of the aggregated load
scheme is just 1% of the nonaggregated load scheme.

MODEL IMPLEMENTATION
Water-to-Water Heat Pump
The heat pump model has been implemented in EnergyPlus as a plant component model that,
like other plant models (e.g., chillers), can be configured as a component of the plant and condenser loops, whose topology is defined by user input (Fisher et al. 1999). The heat pump is
divided into heating and cooling components to allow connection of the “load side” to both heat-
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ing and chilled water plant loops. The “source side” of each component is typically configured
as part of a common condenser loop.
Within the heat pump model, heat transfer rates (and, hence, power) on the load and source
sides are solved simultaneously using a successive substitution method. Once heat transfer rates
have been found, the respective outlet fluid temperatures can be calculated. Implementation of
the model requires that refrigerant properties (e.g., enthalpy at different temperatures and pressures) be available. This has been dealt with in EnergyPlus by providing utility functions that
interpolate property values from tabulated data provided as user inputs. This approach allows
any current and future refrigerants to be accommodated and eliminates reliance on encoded
property equations for a small selection of refrigerants. Some representation of the on/off cyclic
operation of unitary heat pumps has been implemented in an algorithm that forces the component on or off according to a user-defined minimum cycle time.

Ground-Loop Heat Exchanger
The vertical GLHE model, which simulates a configuration of single U-tubes, has been
implemented in EnergyPlus as a plant component model that is intended to be configured as part
of a condenser loop. To represent a typical GSHP system, the GLHE component is simply configured as the heat source/sink on the condenser loop along with the heat pump model. It should
be noted that the flexible loop/component structure of EnergyPlus allows other heat rejecters
(e.g., cooling towers or ponds) to be included in the condenser loop to allow representation of
“hybrid” GSHP systems.
The g-functions used by the model are specific to particular borehole field configurations and
account for thermal interactions both between the boreholes and with the far field. The g-functions are model parameters defined as a sequence of pairs of values in the input file.

Multi-Year Simulation
EnergyPlus reads a formatted weather file to obtain the weather data required for simulation.
A weather file typically contains header lines, which describe the file, and 8760 data records
(one for each hour of the year). Although the weather file may contain ground temperatures,
these are at relatively shallow depths not suitable for the GLHE simulation. Instead, the vertical
GLHE model requires undisturbed deep ground temperature as an initial condition and calculates a new borehole temperature at each time step. Although the weather conditions for a
20-year simulation may be considered steady-periodic, during GSHP system operation, the
annual average borehole temperature will typically increase or decrease monotonically (depending on whether there is a net heating or cooling demand). This is illustrated for over a 20-year
period in Figure 9.
Modeling the system operation over multi-year periods is consequently of great importance if
the design and performance of the installation is to be studied properly. Accordingly, the ability
to conduct multi-year simulations has been implemented in EnergyPlus. In a multi-year simulation, the program either reads a single weather file recursively or reads a “long” weather file that
can be constructed by appending multiple years of data records.

EXPERIMENTAL VALIDATION
Data from the Oklahoma State Hybrid Ground Source Heat Pump Laboratory (Hern 2004)
was used to validate the GSHP system simulation. A single 10.6 kW water-to-water heat pump
was operated with a GLHE consisting of three boreholes 72–76 m deep. Measured temperatures

706

HVAC&R RESEARCH SPECIAL ISSUE

Figure 9. Comparison of the average borehole wall temperature for three GLHE configurations: 16, 32, and 120 boreholes (building loads are predominately cooling).

Figure 10. Simulation model of experimental system.

and flow rates allowed calculation of heat transfer rates from the heat pump source and load
sides and from the GLHE. Heat pump power was measured directly.
The experimental system was modeled in EnergyPlus as a water-to-water heat pump and a
GLHE consisting of two boreholes. Undisturbed ground temperature and ground thermal conductivity were determined by in situ measurements following installation of the boreholes.
Borehole resistance was estimated from known thermal grout and pipe properties. EnergyPlus
was configured to read the measured load side heat transfer rate and the measured pipe losses
from simulation boundary files as shown in Figure 10.
Figure 11 compares measured and simulated heat transfer rates from the GLHE for a five-day
period of continuous heat pump/GLHE operation. The simulation model tracked the overall
ground heat transfer rate reasonably well, with a deviation of less than 6% for the five-day
period. The systematic nature of the error is likely due to measurement error of the water flow
rate. In spite of frequent recalibrations, the water flow meters used at the experimental facility
tended to quickly drift out of calibration. Figures 12 and 13 show the heat pump power and the
source-side heat transfer rate, respectively. On average, the simulated heat pump power deviates
from the measured power by less than 3% and the simulated source-side heat transfer rate deviates from the measured heat transfer rate by less than 4%.
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Figure 11. Ground-loop heat exchanger heat transfer rate.

Figure 12. Heat pump power consumption.

Figure 13. Heat pump source-side heat transfer rate.
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For continuous heat pump operation, the measured data compare satisfactorily with the results
predicted by the simulation. Transient starting conditions during cyclic operation are not explicitly modeled. In addition, the water temperature in the loop is currently not adjusted to account
for conduction losses/gains while the system is off. This affects the prediction of the transient
heat transfer rate but not the prediction of the mean heat transfer rate, which deviates from the
measured data by less than 4% even under transient operating conditions.

CONCLUSIONS
Water-to-water heat pump and ground-loop heat exchanger models have been implemented in
the whole building annual energy simulation program EnergyPlus. The water-to-water heat
pump model consists of simplified representations of heat exchanger and expansion device components with a more detailed compressor model. Multi-variable parameter estimation methods
have been used to find model parameter values from readily available manufacturers’ catalog
data. This model is able to reproduce these catalog data within a ±10% error bound. It has the
advantage over deterministic models in that very detailed component data or measurements are
not required and over curve-fit models in that a wider range of operating conditions can be successfully managed.
The vertical borehole ground heat exchanger model uses configuration-specific transfer functions (g-functions) to predict the heat transfer rate and average borehole temperatures. The
model uses a load aggregation scheme developed for variable time-step simulation environments and can be used to predict the borehole and fluid temperature response over subhourly,
annual, and multi-year periods. The precision of this model has been verified, for a single borehole, by comparing the results to an analytical line-source solution. The maximum difference
between the line-source calculation and the EnergyPlus ground heat exchanger model results
occurred when a pulse load was periodically applied. At these points, a difference of 1.7°C was
calculated. For steady periodic loads, the error was within ±0.9°C.
The system model was validated by a comparison with measured data for continuous heat
pump operation. The results showed an average error in the predicted ground heat transfer rate
of less than 6% and average errors in the predicted heat pump power and the predicted
source-side heat transfer rate of less than 3% and 4%, respectively. Using these models it is possible to represent GSHP systems in a flexible way and to examine their performance over the
extended periods required for proper analysis.
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NOMENCLATURE
c
C
H
K
L
m· r
PD
P

=
=
=
=
=
=
=
=

specific heat capacity, kJ/m2⋅K
clearance factor
borehole depth, m
thermal conductivity, W/m⋅K
borehole spacing, m
refrigerant mass flow rate, kg/s
piston displacement, m3/s
refrigerant pressure, kPa

q
r
R
t
ts
T
v
W·

=
=
=
=
=
=
=
=

heat flux, W/m
radius, m
thermal resistance, K⋅m/W
time, s
time scale (H2/9α), s
temperature, °C
specific volume at suction state, m3/kg
compressor power, W

η
γ

= compressor loss constant of proportionality
= isentropic exponent or Euler number
(Equation 7)

Greek Symbols
α
ρ

= thermal diffusivity, m2/s
= density, kg/m3
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Subscripts
b
dis
loss
m
n

=
=
=
=
=

borehole
discharge
power loss
monthly time step
hourly time step

p
r
om
suc
t

=
=
=
=
=

subhourly time step
refrigerant
undisturbed/original (ground temperature)
suction
theoretical
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