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GROUND-SOURCE HEAT PUMP PROJECT ANALYSIS CHAPTER
Clean Energy Project Analysis: RETScreen® Engineering & Cases is an electronic textbook for professionals and university 
students. This chapter covers the analysis of potential ground-source heat pump projects using the RETScreen® International Clean 
Energy Project Analysis Software, including a technology background and a detailed description of the algorithms found in the 
RETScreen® Software. A collection of project case studies, with assignments, worked-out solutions and information about how 
the projects fared in the real world, is available at the RETScreen® International Clean Energy Decision Support Centre Website 
www.retscreen.net.

1 GROUND-SOURCE HEAT PUMP BACKGROUND1

Maintaining a comfortable temperature inside a building can require a significant amount 
of energy. Separate heating and cooling systems are often used to maintain the desired air 
temperature, and the energy required to operate these systems generally comes from electric-
ity, fossil fuels, or biomass. Considering that 46% of sun’s energy is absorbed by the earth as 
shown in Figure 1, another option is to use this abundant energy to heat and cool a building. 
In contrast to many other sources of heating and cooling energy which need to be trans-
ported over long distances, Earth Energy is available on-site, and in massive quantities.

1. Some of the text and fi gures in this “Background” section comes from the two following references: Natural Resources 

Canada (NRCan), Residential Earth Energy Systems: A Buyer’s Guide, NRCan’s Renewable and Electrical Energy 

Division (REED), ISBN 0-662-30980-4, Cat. No. M92-236/2001E, Ottawa, ON, Canada, 2002, 48 pp.; and NRCan, 

Commercial Earth Energy Systems: A Buyer’s Guide, NRCan’s REED, ISBN 0-662-32808-6, Cat. No. M92-251/2002E, 

Ottawa, ON, Canada, 2002, 99 pp. 

1. Ground-Source Heat Pump Background

Figure 1: 
Solar Energy Distribution.
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Because the ground transports heat slowly and has a high heat storage capacity, its tem-
perature changes slowly—on the order of months or even years, depending on the depth 
of the measurement. As a consequence of this low thermal conductivity, the soil can transfer 
some heat from the cooling season to the heating season as presented in Figure 2; heat 
absorbed by the earth during the summer effectively gets used in the winter. This yearly, 
continuous cycle between the air and the soil temperature results in a thermal energy 
potential that can be harnessed to help heat or cool a building.

Another thermal characteristic of the ground is that a few meters of surface soil insulate 
the earth and groundwater below, minimizing the amplitude of the variation in soil tem-
perature in comparison with the temperature in the air above the ground (see Figure 2 
and Figure 3). This thermal resistivity fluctuations further helps in shifting the heating or 
cooling load to the season where it is needed. The earth is warmer than the ambient air in 
the winter and cooler than the ambient air in the summer.

This warm earth and groundwater below the surface provides a free renewable source of 
energy that can easily provide enough energy year-round to heat and cool an average sub-
urban residential home, for example. A Ground-Source Heat Pump (GSHP)2 transforms this 
Earth Energy into useful energy to heat and cool buildings. It provides low temperature heat 
by extracting it from the ground or a body of water and provides cooling by reversing this 
process. Its principal application is space heating and cooling, though many also supply hot 
water, such as for domestic use. It can even be used to maintain the integrity of building 
foundations in permafrost conditions, by keeping them frozen through the summer. 

2.  GSHPs are also known as geothermal heat pumps, earth energy systems, or geoexchange systems.
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Figure 2:
Typical Average Monthly Temperature in Canada.
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A heat pump is used to concentrate or upgrade this free heat energy from the ground before 
distributing it in a building through conventional ducts. It operates much as a refrigerator 
or conventional air conditioning system in that it relies on an external source of energy 
- typically electricity - to concentrate the heat and shift the temperature. Typically, each 
kilowatt (kW) of electricity used to operate a GSHP system draws more than 3 kW of re-
newable energy from the ground. Heat pumps typically range from 3.5 to 35 kW in cool-
ing capacity (about 1 to 10 refrigeration tons), and a single unit is generally sufficient for 
a house or a small commercial building. For larger commercial, institutional or industrial 
buildings, multiple heat pumps units will often be employed.

Since a GSHP system does not directly create any combustion products and because it 
draws additional free energy from the ground (see Figure 4), it can actually produce more 
energy than it uses. Because of this, GSHP efficiencies routinely average 200 to 500% over 
a season. GSHP systems are more efficient than air-source heat pumps, which exchange 
heat with the outside air, due to the stable, moderate temperature of the ground. They 
are also more efficient than conventional heating and air-conditioning technologies, and 
typically have lower maintenance costs. They require less space, especially when a liquid 
building loop replaces voluminous air ducts, and are not prone to vandalism like conven-
tional rooftop units. Peak electricity consumption during cooling season is lower than with 
conventional air-conditioning, so utility demand charges may be also reduced.

For the above reasons, significant energy savings can be achieved through the use of 
GSHPs in place of conventional air-conditioning systems and air-source heat pumps. Re-
ductions in energy consumption of 30% to 70% in the heating mode and 20% to 50% in 
the cooling mode can be obtained. Energy savings are even higher when compared with 
combustion or electrical resistance heating systems. This potential for significant energy 
savings has led to the use of GSHPs in a variety of applications.

Figure 4:
GSHP System - The Horizontal Burial 

of an Earth Connection (Heat Exchanger).

Photo Credit: 
Craig Miller Productions
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Today, GSHP systems are one of the fastest growing applications of renewable energy in 
the world, with most of this growth happening in USA and Europe, but also in other coun-
tries such as Japan and Turkey. By the end of 2004, the worldwide installed capacity was 
estimated at almost 12 GW

th
 with an annual energy use of 20 TWh. Today, around one 

million GSHP system units have been installed worldwide, and annual increases of 10% 
have occurred in about 30 countries over the past 10 years [Lund, 2004].

In the USA alone, over 50,000 GSHP units are sold each year, with a majority of these for 
residential applications. It is estimated that a half million units are installed, with 85% 
closed-loop earth connections (46% vertical, 38% horizontal) and 15% open loop systems 
(groundwater) [Lund, 2004].

As of mid 2005, the world’s largest GSHP system is for a building cluster in Louisville (KY), 
USA, which provides heating and cooling for 600 rooms, 100 apartments, and 89,000 
square meters of office space, representing a total area of 161,650 m2. It makes use of 
groundwater to supply 15.8 MW of cooling and 19.6 MW of heating capacity, demonstrat-
ing that GSHPs are not limited to small-scale applications. Running for 15 years with no 
system problems, it has reduced the overall energy consumption by 47% and provides 
monthly savings of CDN$30,000 compared to an adjacent, similar building (see Figure 5) 
[DOE, 1999].

The following sections describe the main components of a GSHP system (heat pumps, 
earth connection, and distribution system) and discuss the GSHP markets for residential, 
commercial, and institutional building type applications.

Figure 5:
World’s Largest GSHP Systems installed in a Building Cluster at the Galt House East Hotel 

and Waterfront Offi ce Buildings in Louisville (KY), USA.

Photo Credit: 
Marion Pinckley (NREL PIX)
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1.1 Description of Ground-Source Heat Pump Systems

A ground-source heat pump (GSHP) system has three major components: a heat pump, 
an earth connection and an interior heating or cooling distribution system (see Figure 6). 
These three major components, together with the different earth connection configurations 
of a typical GSHP installation, are explained in the following sections.

1.1.1 Heat pump 

The heat pump transfers the heat between the heating/cooling distribution system and the 
earth connection. It is the basic building block of the GSHP system. 

The most common type of heat pump used with GSHP systems is a “water-to-air” unit 
ranging in size from 3.5 kW to 35 kW of cooling capacity. The water-to-air designation 
indicates that the fluid carrying heat to and from the earth connection is water or a water/
antifreeze mix and that the heat distribution system inside the building relies on hot or 
cold air. The heat pump may be an extended range unit, allowing lower entering fluid 
temperatures in heating mode and higher entering fluid temperatures in cooling mode. 
All the components of this type of heat pump are in one enclosure: the compressor, an 
earth connection-to-refrigerant heat exchanger, controls, and an air distribution system 
containing the air handler, duct fan, filter, refrigerant-to-air heat exchanger, and conden-
sate removal system for air conditioning. A typical packaged heat pump unit is illustrated 
in Figure 7.

Figure 6:
The three GSHP System Major Components: 

(1) Heat Pump, 

(2) Earth Connection, and 

(3) Heating/Cooling Distribution system.
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For residential applications and small commercial systems, a single heat pump unit will 
suffice. For larger commercial, institutional or industrial systems, multiple heat pump 
units are typically used in a distributed network connected to a common fluid loop.

The heat pump operates using the same cycle as a refrigerator. The heat pump uses com-
pression and expansion of a refrigerant to drive heat flows between the inside of the build-
ing and the earth connection. As per the Second Law of Thermodynamics, heat will flow 
only from hotter to colder matter, but a heat pump will draw heat from the ground at, say, 
5ºC and use it to warm a building to 21ºC. At certain times of the year, the temperature 
of the ground will be such that heat would flow in the desired direction anyway. The heat 
pump may still need to operate, however, in order to ensure that the rate of heat flow is 
sufficient. This rate is related to the temperature difference between the heat pump and 
the earth connection: during cooling, the higher the temperature of the building, the better 
the rate of transfer with the earth connection would be.

In heating mode, the heat pump works as follows: heat from the earth connection arrives 
at an earth connection-to-refrigerant heat exchanger called the evaporator (see Figure 8). 
On the other side of the heat exchanger is cold refrigerant in a mostly liquid state. The 
refrigerant is colder than the temperature of the heat transfer fluid from the earth connec-
tion, so heat flows into the refrigerant. This heat causes the liquid refrigerant to evaporate; 
its temperature does not increase much. This gaseous, low pressure and low temperature 
refrigerant then passes into an electrically-driven compressor. This raises the refrigerant’s 
pressure and, as a consequence, its temperature. 

Figure 7:
Typical Heat Pump Unit.
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The high temperature, high pressure, gaseous output of the compressor is fed into a second 
heat exchanger, called the condenser. In water-to-air heat pumps, a fan blows air to be heated 
through this “air coil”. In water-to-water heat pumps, water which will heat the building 
flows through the condenser. Since the refrigerant is hotter than the air or water, it transfers 
heat to it. As it loses heat, the refrigerant’s temperature drops somewhat and it condenses. 

This high temperature liquid refrigerant then passes through an expansion valve. The 
valve reduces the pressure of the refrigerant, and as a consequence, its temperature drops 
significantly. Now, this low temperature liquid flows to the evaporator, and the cycle starts 
again. In this way, the heat from the water or other heat transfer fluid in the earth connec-
tion is transferred to the air or water in the building: hence the name “water-to-air heat 
pump” or “water-to-water heat pump”.

One significant difference between a ground-source heat pump and a refrigerator is that 
the ground-source heat pump is meant to run in both directions. When in cooling mode, 
the earth connection-to-refrigerant heat exchanger becomes the condenser, and the re-
frigerant-to-air heat exchanger becomes the evaporator. This is accomplished through a 
reversing valve inside the heat pump.

A desuperheater, as illustrated in Figure 8, provides domestic hot water when the compres-
sor is operating. The desuperheater is a small auxiliary heat exchanger at the compressor 
outlet. It transfers excess heat from the compressed gas to water that circulates to a hot 
water tank. During the cooling season, when air-conditioning runs frequently, a desuper-
heater may provide all the hot water needed in a residential application. Some residential 
heat pumps are designed to provide hot water year round in quantities sufficient to meet 
a household’s needs.
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Figure 8:
The Refrigeration Cycle (Heating Mode) of a Typical Packaged Heat Pump Unit.
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1.1.2 Earth connection

The earth connection is where heat transfer between the GSHP system and the soil occurs. 
GSHPs comprise a wide variety of systems that use the ground, ground water, or surface 
water as a heat source and sink. One common type of earth connection entails tubing 
buried in horizontal trenches or vertical boreholes, or alternatively, submerged in a lake 
or pond. An antifreeze mixture, water, or another heat-transfer fluid is circulated from the 
heat pump, around the tubing, and back to the heat pump in a “closed loop.” “Open loop” 
earth connections draw water from a well or a body of water, transfer heat to or from the 
water, and then return it to the ground or the body of water. 

The following nomenclature has been adopted by the American Society of Heating, Re-
frigerating and Air-Conditioning Engineers (ASHRAE)3 to distinguish among the various 
types of earth connection systems:

 Ground-Coupled Heat Pumps (GCHPs) - use the ground as a heat source 
and sink, either with vertical or horizontal Ground Heat eXchangers (GHXs);

 Groundwater Heat Pumps (GWHPs) - use underground (aquifer) water 
as a heat source and sink; 

 Surface Water Heat Pumps (SWHPs) - use surface water bodies (lakes, 
ponds, etc.) as a heat source and sink; and

 Ground Frost Heat Pump (GFHPs) - maintain sound structural fi ll in 
natural permafrost around foundations by extracting heat from the fi ll.

Since all earth connections in a GSHP sys-
tem are usually very difficult to access after 
installation, the materials and workmanship 
used in construction must be of the highest 
quality. High-density polyethylene piping 
and fusion-bonded pipe connections are 
used almost exclusively. Experienced GSHP 
installers should implement ground-heat 
exchangers and groundwater wells using 
specialised equipment (see Figure 9).

3.  http://www.ashrae.org/

Figure 9: 
Drilling Technology for 

GSHP’s Earth Connection.

Photo Credit: 
Geothermix Inc.
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Ground-Coupled Heat Pumps (GCHPs): In a GCHP system, a series of buried pipes cir-
culates a heat transfer fluid in a closed loop: the fluid never leaves the system, but rather 
travels back and forth in a loop between the earth connection and the heat pump. This 
circulating fluid is either water or an antifreeze solution4, if freezing temperatures are ex-
pected. The ground heat exchanger can make use of a series of deep vertical holes (bore-
holes) or a horizontal arrangement of pipes buried a few of metres below the surface.

The vertical GHX is well suited to larger buildings where the bedrock is close to the surface, 
when minimal disruption of the landscaping is desired, or where little land is available for 
the GHX (see Figure 10). Because the ground temperature is steady year round below the 
surface, vertical GHXs are more efficient than horizontal GHXs, which may experience 
seasonal temperature fluctuations. Vertical loops are generally more expensive to install 
than horizontal ones, but require less piping due to the stable temperatures. 

The boreholes, 45 to 150 m in depth, are drilled by rigs normally used for drilling wells. 
They contain either one or two loops of pipe with a U-bend at the bottom. After the pipe is 
inserted, the hole is backfilled and grouted. The grout prevents surface water from drain-
ing into the borehole and the groundwater, and also prevents the water from one borehole 
from leaking into an adjacent borehole. Following backfilling and grouting, the vertical 
pipes are connected to horizontal underground supply and return header pipes. The header 
pipes carry the GHX heat transfer fluid to and from the heat pump. Figure 11 illustrates 
a typical vertical GHX system.

4. The antifreeze solution often employed is glycol whose proportion may vary based on the local weather conditions, the 

soil thermal conductivity characteristics and the fl ow rate of the fl uid in the GHX. In the RETScreen Ground-Source Heat 

Pump Project Model, the proportion of glycol is conservatively considered to be 25% of the total circulating fl uid. This 

assumption only impacts the cost analysis, where the cost of the circulating fl uid is considered. The cost is relatively 

small compared to the overall initial cost of a GSHP system.

Figure 10:
Vertical Ground Heat Exchanger (GHX) 

of a Ground-Coupled Heat Pump (GCHP) System.
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The horizontal GHX configuration is often less expensive to install than the vertical ar-
rangement, but requires a larger land area (see Figure 12). For this reason, it is usually 
better suited to smaller applications such as residential and small commercial buildings. 
It can be especially attractive if excavating and trenching equipment is available and when 
the upper few metres of the ground are amenable to excavation.

A horizontal GHX consists of a series of pipes laid out in trenches, usually one to two 
meters below the surface. Typically, about 35 to 55 meters of pipe are installed per kW of 
heating and cooling capacity. Many configurations of the horizontal GHX are possible, as 
illustrated in Figure 13. When land area is limited, a coiled pipe, also called “slinky” or 
spiral, may be used in order to fit more piping into a trench area. While this reduces the 
amount of land used it requires more pipes, which results in additional costs. The trench 
is backfilled once the pipe has been laid out.

EARTH BACKFILLED TRENCH

REVERSE RETURN HEADER
(to balance pressure losses)

GROUT
(and earth backfill
when permitted)

BOREHOLE

GROUND LOOP PIPE

U-BEND

SUPPLY HEADER

Figure 11:
Vertical Ground Heat Exchanger (GHX).

Figure 12:
Horizontal Ground Heat Exchanger (GHX) of 

a Ground-Coupled Heat Pump (GCHP) System.
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Figure 13:
Various Confi gurations of Horizontal Ground Heat Exchangers (GHX).
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Groundwater Heat Pumps (GWHPs): Groundwater heat pump systems are, in contrast to 
GCHPs, open loop systems: they use a constant supply of groundwater as the heat trans-
fer fluid (see Figure 14). A GWHP earth connection simply consists of water wells where 
groundwater from an aquifer is pumped directly from the well to the heat pump’s earth 
connection-to-refrigerant (or, in this case, water-to-refrigerant) heat exchanger or to an 
intermediate heat exchanger. The intermediate heat exchanger transfers the heat from the 
open groundwater loop to a closed building loop, and thus isolates the heat pump from the 
well water, protecting its heat exchanger from the potentially fouling, abrasive or corrosive 
well water. After leaving the building, the water is pumped back into the same aquifer via 
a second well, called an injection well. 

The GWHP was the first type of GSHP to appear on the market and GWHPs have been 
used successfully for decades. They are the simplest type of system to install. However, 
local environmental regulations and insufficient water availability may limit their use in 
some areas. 

Standing column wells are a newer variation of the GWHP system. Standing wells are 
typically six inches in diameter and may be as deep as 450 meters. In this system, water 
from the bottom of the well is pumped to the building’s heat exchanger and returned to 
the top of the same well. The well may also provide potable water. For this system to work 
adequately, ground water must be in abundant supply. This type of system is not used 
where the water table is especially deep, since the required pumping power renders the 
system prohibitively expensive.

Surface Water Heat Pumps (SWHPs): The surface water heat pump is a viable and rela-
tively low-cost GSHP option. A series of coiled pipes submerged below the surface of a 
lake or pond serves as the heat exchanger. This requires minimal piping and excavation, 
but the pond or lake must be deep and large enough. The heat transfer fluid is pumped 
through the pipe in a closed loop, as in a GCHP system, avoiding adverse impacts on the 
aquatic ecosystem. Many successful systems are currently in operation.

Figure 14:
Ground-Water Heat Pump (GWHP) System.
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Ground Frost Heat Pumps (GFHPs): Another specialized application of GSHPs is the 
cooling of building foundations in areas with permafrost. Building foundations transmit 
heat, melting any permafrost and thus undermining the structural soundness of the foun-
dation. By extracting heat from the ground around the foundation, a GFHP can ensure 
that the permafrost remains frozen. Moreover, the extracted heat can provide up to 20 to 
50% of the building’s space heating requirements and the costs of traditional measures for 
maintaining the structural soundness of foundations in permafrost can be avoided. Me-
chanically chilled foundations can be much less expensive, both initially and on a life-cycle 
cost basis, than conventional permafrost foundations.

The GFHP earth connection is buried in the fill below the foundation, and the heat pump 
keeps the fill frozen while supplying supplemental heat to the building. The heat transfer 
fluid, circulated in a closed loop, is usually a mix of water and glycol that will not freeze 
at the lowest temperatures experienced by the granular fill.

The use of GSHPs in permafrost introduces several additional considerations. Heat gain 
to the ground from building foundations must be considered when designing the earth 
connection in GFHPs or in GHXs installed beneath foundations. Heat must be extracted 
at the same rate as it is gained from the foundation in order to maintain a constant ground 
temperature. Also, given the low mean earth temperature, conventional GCHPs may not 
be justified in these situations. Finally, long-term operation depends on the ground being 
reheated by solar energy incident during summertime. Local ecological disturbances may 
occur if the ground is kept frozen beyond its natural cycle.

Because the consequences of GFHP failure are severe (sinking foundations), the heat ex-
changer should use premium quality hermetic piping and be installed by experts. Insula-
tion between the frozen gravel pad and the foundation slab should be adequate to maintain 
the pad in a frozen state should the heat pump become temporarily inoperative.

1.1.3 Heating and cooling distribution system 

The heating/cooling distribution system delivers heating or cooling from the heat pump to 
the building. It usually takes the form of an air duct distribution system, although water 
loop systems (also known as hydronic systems), which heat or cool floors and ceilings 
are also used. Heating and cooling distribution in a GSHP system is generally the same 
as in conventional systems. However, larger installations may use multiple heat pumps, 
perhaps one for each building zone, where each heat pump is attached to a common build-
ing loop. The various types of air delivery systems that can be used are well documented 
[ASHRAE, 1992] and consist mainly of air ducts, diffusers, fresh air supply systems and 
control components.
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1.2 Ground-Source Heat Pump Application Markets

The development of ground-source heat pumps dates to 1912 when the first patent using a 
ground loop was recorded in Switzerland. However, it was not until the 1970’s that GSHPs 
gained significant market acceptance. The first commercial GSHPs were designed for the 
residential sector and were groundwater-type systems. By the mid 1980’s, advances in heat 
pump efficiencies and operating ranges, combined with better materials for ground loops, 
allowed for ground-coupled earth connections. At about the same time, commercial and 
institutional applications became more common. 

Today, the technology can be considered mature and is facing mainly non-technical bar-
riers for further deployment. Even if strong markets for GSHP systems exist in many in-
dustrialised countries where heating and cooling energy requirements are high, the main 
constraint hindering increased market penetration of GSHPs is their high initial cost, 
which is generally:

 almost double that of conventional central systems in residential applications;

 20% to 40% more than constant volume, single zone rooftop units; and

 up to 20% more than multizone or central two-pipe chilled water arrangements.

Nevertheless, GSHPs generally have 
lower life-cycle costs than conventional 
systems due to their efficiency and 
lower maintenance requirements. The 
RETScreen Ground-Source Heat Pump 
Project Model has been developed to 
compare the life-cycle costs of GSHPs 
with conventional technologies.

Markets for GSHPs tend to be par-
ticularly strong when climate, energy 
prices and the nature of the project 
are favourable. First, a climate re-
quiring both heating and cooling is 
preferable to one that requires just one or the other. While the same GSHP system can 
provide both heating and cooling, two separate conventional systems may be required, 
each dedicated to only one task—either heating or cooling. This increases the capital cost 
of the competing conventional technology, making the GSHP a more attractive option. 
Furthermore, since it is operating year-round, the GSHP system can generate larger energy 
savings, rather than, for example, an air-conditioning unit which only operates in summer 
and an oil furnace which only operates in the winter.

Second, large seasonal variations in temperature will favour the GSHP system over air-source 
heat pumps, whose capacity and efficiency decrease at temperature extremes and ensure 
that there is significant energy demand on which the GSHP can generate savings.

RETScreen® International
Ground-Source Heat Pump Project Model

The RETScreen® International Ground-Source 
Heat Pump Project Model can be used world-wide 
to easily evaluate the energy production (or sav-
ings), life-cycle costs and greenhouse gas emis-
sions reduction for the heating and/or cooling of 
residential, commercial, institutional and indus-
trial buildings. The model can be used to evaluate 
both retrofit and new construction projects using 
either ground-coupled (horizontal and vertical 
closed-loop) or groundwater heat pumps.
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Third, if there is already a useable heating and cooling system installed, the purchase and 
installation of a GSHP is rarely justified on the basis of its energy benefits alone. Thus, the 
GSHP is most cost-effective in new construction, especially since this facilitates trenching 
and drilling, or when an existing heating and cooling system has reached the end of its 
life and must be replaced.

If heating is the dominant energy requirement, then low electricity prices and high gas 
or oil prices will make the GSHP more attractive than combustion systems. If cooling is 
dominant, then high electricity prices will favour ground-source heat pumps over conven-
tional air conditioning, which is less efficient. If both heating and cooling requirements 
are high, then GSHPs are ideal where electricity prices are low year round, but high peak 
load charges are levied during summertime.

Whenever building heating and cooling loads are substantially different, it may be financially 
advantageous to reduce the cost of the earth connection loop by sizing it for the lower of the 
two loads. In this way, the overall initial cost of the system is reduced but supplemental heating 
or heat rejection capacity becomes necessary. Supplemental capacity usually entails heating 
using conventional systems and cooling towers for heat rejection. The best option can be de-
termined through a sensitivity analysis at the pre-feasibility stage using the RETScreen GSHP 
Project Model and with detailed simulations at the design stage of project development.

GSHPs can also provide moderately hot water, e.g. for domestic use, through a device called 
a desuperheater. This dual use of the GSHP increases efficiency and energy savings. Other 
GSHP applications include heating water distribution pipes to prevent freezing, hot water 
pre-heating, heating of sewage conduits and treatment lagoons, and ice rink cooling.

Considering the above elements, the GSHP markets for residential, commercial, and insti-
tutional building type applications are further discussed in the following sections.

1.2.1 Residential buildings

While GSHPs are used for all types of residential buildings, high-end residential construc-
tion tends to be the focus of this market. The higher initial costs of the GSHP do not con-
stitute an especially large fraction of these expensive homes and the homeowners generally 
view the GSHP system as a long-term investment in their home. Furthermore, they are 
swayed by the environmental benefits and the improvements in comfort and air-quality 
associated with the GSHP. 

Electric utilities often subsidize the residential market for GSHPs. Utilities benefit through 
increases to their base load and reductions in their peak load. Utilities also recognize that 
the system’s environmental benefits accrue to society as a whole, and therefore the initial 
costs should not be borne by the system’s owner alone. Regardless, such a subsidy can be 
a major consideration in the homeowner’s decision to install a GSHP. For example, a typi-
cal 2,200 ft2 (205 m2) residential building in the US that requires about 11 kW of heating 
supply (depending on climate), will need a GSHP system that will cost approximately 
CDN$30,000 for 230 m of horizontal closed-loop GHX or about CDN$34,000 for 165 m 
of vertical closed-loop GHX.
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1.2.2 Commercial & institutional buildings

The viability of GSHPs for commercial buildings can be impeded by demands for short 
simple payback periods, generally less than 5 years, and by limited availability of land for 
large earth connections. Nevertheless, there are many such installations (see Figure 15).

GSHPs offer several advantages that make them particularly attractive in commercial build-
ings. Since the heat pump is physically smaller than conventional heating and cooling 
plants, and since heat distribution in a large building can be achieved with a compact 
liquid loop rather than voluminous air ducts, the ground-source heat pump can free build-
ing space for commercial uses. The use of multiple heat pumps distributed around a large 
building also simplifies control of the interior environment. The elimination of rooftop 
units, cooling towers and chimneys reduces opportunities for vandalism. Moreover, with 
increased efficiency over conventional air conditioners, the ground-source heat pump re-
duces summertime peak load charges often levied by utilities on commercial customers.

Large buildings using GSHPs have multiple heat pump units, located around the building, 
transferring heat to and from a common building loop. This arrangement is very beneficial. 
First, large buildings often have simultaneous heating and cooling loads: for example, the 
core of the building may need cooling while perimeter areas need heating. The common 
building loop can transfer heat from cooling loads to heating loads, reducing the demand 
on the earth connection and improving efficiency. Second, climate control is simplified 
and occupant comfort is improved, since each heat pump affects only the space in its vi-
cinity. Controls can be local, rather than part of a complex building-wide system. Third, 
the common building loop transfers heat using a liquid, which permits it to be much more 
compact than the ducting required by air distribution systems tied to conventional central 
heating plants; space is freed up for more productive uses.

Figure 15:
GSHP System in a Commercial Buildings.

Photo Credit: 
Geothermal Heat Pump Consortium (NREL PIX)
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Specialized markets among certain types of commercial buildings are under development. 
Buildings with simultaneous heating and cooling requirements—such as those having 
freezers or ice-making equipment as well as heated areas—can benefit from the liquid 
building loop commonly used in commercial applications of GSHP: heat is extracted from 
the cooling loads and passed to the heating loads. Promising possibilities include super-
markets and gas station/convenience store combinations.

Ground-source heat pumps can also be very well suited to institutional buildings (see 
Figure 16). Institutional building owners and operators are often willing to accept longer 
paybacks than in the commercial sector. They may also be more open to innovative de-
signs and technologies like GSHPs. As in commercial buildings, many institutional build-
ings have a simultaneous need for heating and cooling, which the building loop of a 
ground-source heat pump system can take advantage of.

Figure 16:
GSHP Systems in an Institutional Building (Philadelphia Enterprise Centre, USA – 28 GSHPs for Heating and Cooling).

Photo Credit: 
Geothermal Heat Pump Consortium (NREL PIX)
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2 RETSCREEN GROUND-SOURCE HEAT PUMP PROJECT MODEL

The RETScreen Ground-Source Heat Pump Project Model can be used to evaluate 
ground-source heat pump projects, from large-scale commercial, institutional or industrial 
applications to small residential systems. The types of system covered are:

 Ground-Coupled Heat Pumps (GCHPs) - Horizontal GHX;

 Ground-Coupled Heat Pumps (GCHPs) - Vertical GHX; and

 GroundWater Heat Pumps (GWHPs) - Open Loop or Standing Well.

Six worksheets (Energy Model, Heating and Cooling Load Calculation (Heating and Cooling 
Load), Cost Analysis, Greenhouse Gas Emission Reduction Analysis (GHG Analysis), Financial 
Summary, and Sensitivity and Risk Analysis (Sensitivity) are provided in the Ground-Source 
Heat Pump Project Workbook file. The Heating and Cooling Load worksheet should be used 
with the Energy Model worksheet to estimate the heating and cooling loads for the potential 
GSHP system.

The Energy Model and Heating and Cooling Load worksheets are completed first. The 
Cost Analysis worksheet should then be completed, followed by the Financial Summary 
worksheet. The GHG Analysis and Sensitivity worksheets are optional analysis. The GHG 
Analysis worksheet is provided to help the user estimate the greenhouse gas (GHG) miti-
gation potential of the proposed project. The Sensitivity worksheet is provided to help the 
user estimate the sensitivity of important financial indicators in relation to key technical 
and financial parameters. In general, the user works from top-down for each of the work-
sheets. This process can be repeated several times in order to help optimize the design of 
the ground-source heat pump project from an energy use and cost standpoint.

This section describes the various algorithms used to calculate the energy production 
(or savings) of GSHP systems in RETScreen. A flowchart of the algorithms is shown in 
Figure 17. The model initially establishes the building load equation, which describes how 
building loads vary as a function of outside temperature. It then calculates the load for 
each temperature bin. Using the building load equation, balance point temperatures are 
calculated to determine whether or not heating or cooling is required for each bin. From 
the weather data and the building load, the required heat pump capacity is estimated. 
This enables the sizing of the ground loop or the groundwater flow. When this is known, 
the actual heat pump performance and capacity can be calculated for each bin. The final 
results from the model consist of the annual electrical energy use of the heat pump system, 
the heating and cooling energy delivered, the system efficiencies and any auxiliary heating 
energy requirements. 

Section 2.1 describes the method used to characterize the GSHP system. The generation of 
weather data for the GSHP characterization method is documented in Section 2.2. Section 2.3 
presents the method used for evaluating the building’s load from descriptive data and 
Section 2.4 shows the procedure developed for determining building loads when energy 
use data are available. Section 2.5 combines the GSHP characterisation method and the 
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buildings loads calculated. Section 2.6 deals with the modeling of the closed-loop systems, 
both vertical and horizontal, and Section 2.7 presents the methodology employed for open 
loop systems. Section 2.8 presents the heat pump related equations, and Section 2.9 shows 
how the energy use by the system is evaluated. Finally, Section 2.10 presents a validation of 
the RETScreen GSHP Project Model by comparing the results obtained from RETScreen 
against monitored data and other software.

There are some limitations to the methodology chosen to make the calculation in the 
GSHP Project Model. In some instances, the model cannot capture phenomenon such as 
simultaneous heating and cooling demands, which can sometimes occur in commercial 
buildings; neither can it capture complex building usage profiles. Residential applications 
lend themselves readily to a simplified approach given the more homogeneous nature of 
the buildings and the more limited usage patterns possible. Other limitations of the GSHP 
Project Model include:

 The long-term thermal imbalances are not included in the ground heat 
exchanger (GHX) calculations.

 The ground-coupled heat pump (GCHP) horizontal ground heat exchanger 
(GHX) confi guration considered is a stacked two pipe system, (31.8 mm 
nominal diameter) with one pipe 1.8 m deep and the other 1.2 m below the 
surface. 

 The ground-coupled heat pump (GCHP) vertical ground heat exchanger 
(GHX) confi guration consists of one 31.8 mm diameter U-tube per 
borehole.

 The building heating and cooling energy consumption and peak loads are 
evaluated using a simplifi ed version of ASHRAE's modifi ed bin method 
(ASHRAE, 1985). The interior set point temperature is considered constant 
at 23°C and remains the same for both heating and cooling.

Despite these limitations, the RETScreen GSHP Project Model can be used for the pre-
liminary evaluation of ground-source heat pump systems and is sufficiently accurate for 
pre-feasibility and feasibility stages of a project.

2.1 Bin Method and Design Conditions

The behaviour of the coupled GSHP-Building system is relatively complex and is time and 
temperature dependent. Trying to capture these dependencies for the purpose of detailed 
design often requires a dynamic model using relatively short time steps, which is not neces-
sary at the preliminary feasibility stages of a project. Therefore, a simplified approach was 
investigated, which uses outside temperature as the critical variable.
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Such a method, called the bin method, has been used widely for many years to estimate en-
ergy use by buildings (ASHRAE Handbook, Fundamentals, 1981, 1985). In this tempera-
ture frequency method, the hours in a year are summed into a finite number of bins based 
on temperatures. Each bin represents the middle, or average, of the temperature range for 
that bin. For example, Table 1 presents an example of a using 2°C temperature bins.

Evaluate ground
heat exchanger
dimension and

groundwater flow
[sections 2.6 or 2.7]

Evaluate actual
heat pump COP and

capacity for each
temperature bin

[section 2.8]

Calculate
supplemental heating

or cooling needs
and GSHP system
annual energy use

[section 2.9]

Calculate building
load for each

temperature bin
[section 2.5]

Calculate
Building load

and balance points
[sections 2.3 & 2.4]

Generate
temperature bins

and calculate
ground temperature

[section 2.2]

Weather data
user input

Building
user input

GSHP system
user input

Estimate installed
capacity of the

heat pump system
[section 2.8]

Figure 17:
Ground-Source Heat Pump Energy Model Flowchart.
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Bins
# of hours

of occurrence
in a year

-20 15

-18 35

-16 75

-14 132

[…] […]

24 185

26 79

28 24

30 12

Total 8760

Table 1:  Example of a 2°C Temperature Bins.

Therefore, from Table 1, there would be 15 hours in that year where the temperature is 
less than –19°C but greater or equal to – 21°C. A basic level of time dependency can also 
be incorporated in the bin method. This is achieved by splitting up the temperature bins 
as a function of time. Hence, bins can be compiled, for example, for approximate daytime 
hours and separately for night time hours.

Using this bin approach, it is possible to capture the GSHP-Building system temperature 
dependant behaviour and some time dependant parameters, and estimate the system’s 
annual energy use. A further refinement of the method, called the modified bin method, is 
presented in ASHRAE Handbook, Fundamentals (1985). This method allows for off-de-
sign calculations by using an estimated diversified load rather than peak load values in 
establishing the building’s load as a function of temperature. The building’s calculation 
algorithms employed in the RETScreen GSHP Project Model are largely inspired from this 
modified bin method.

Using the modified bin method allows for estimating the energy demand from the build-
ing, but the GSHP system’s heat pumps and ground loop performances still need to be 
addressed. Fortunately, the bin method can readily be extended for treating GSHP systems. 
The method adopted for doing so was largely adapted from the International Ground-Source 
Heat Pump Association’s (IGSHPA) Closed-Loop/Ground-Source Heat Pump Systems – In-
stallation Guide (1988). 

It should be noted that some parts of the GSHP model are concerned chiefly with sizing, 
for example when determining heating or cooling energy demand (Sections 2.3 and 2.4), 
or the length of the ground heat exchanger (Section 2.6) or the groundwater flow in an 
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open-loop system (Section 2.7). In these cases, calculations are then performed for extreme 
circumstances called the design conditions. For example, the heating design temperature 
represents the minimum temperature that has been measured for a frequency level of at 
least 1% over the year, for the specific location. Similarly the cooling design temperature 
represents the maximum temperature that has been measured for a frequency level of at 
least 1% over the year.

Other parts of the GSHP model are concerned with determining the seasonal energy use or 
supplemental energy delivered (see Section 2.5). This requires evaluating the performance 
of the system over the whole year, that is, for all temperature bins.

2.2 Weather Data

Basically, GSHP systems are designed by balancing the heating and cooling load of a build-
ing with the heating and cooling capacity that could be extracted from the ground. Since 
this load and this capacity are in direct relation with the air and soil temperatures varia-
tions, this data is needed to assess a GSHP project. This section presents how the GSHP 
Project Model deals with this data requirement.

2.2.1 Generation of temperature bins

Fundamental to the GSHP model philosophy is the availability of temperature bins for 
daytime and nighttime hours for the selected location. Additionally, bin data for the coldest 
and hottest months (corresponding to design heating and cooling conditions) are required 
for the ground loop calculation. Such a heavy user-data requirement would render the 
model impractical. Alternatively, storing the data within the model would translate into 
an excessively large file if even a moderate number of locations around the world were to 
be included.

To circumvent this problem, an hourly weather data generator is included in the RETScreen 
GSHP Project Model. This generator is based on empirical correlations between measured 
hourly weather data and their design temperatures and latitude, as defined in ASHRAE 
(1997). A validation of the generation of temperature bins by the RETScreen GSHP Project 
Model can be found in Section 2.10.1. Note that the use of a generator does not restrict the 
generality of the method. If appropriate bin data are available, they could be used in the 
GSHP model without any change to the other algorithms.

2.2.2 Ground temperature estimation

The method for sizing the ground heat exchanger (GHX) described in Section 2.6.1 requires 
knowledge of the minimum and maximum ground temperature at the GHX depth. Ground 
temperature is also used in the model to evaluate residential building basement heat losses, 
as presented in Section 2.3.2.
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Following IGSHPA (1988), the undisturbed ground temperature, Tg , expressed in °F, can 
be calculated using:

 (1)

where X s  is the soil depth in feet, t is the day of year, Tg  is the mean annual surface soil 
temperature, As  is the annual surface temperature amplitude (T Tmax min ), α  is the soil 

thermal diffusivity5, and to is a phase constant expressed in days. From equation (1), the 
minimum and maximum ground temperatures for any depth can be expressed as:

 (2)

 (3)

For multiple horizontal heat exchanger pipe systems or shallow vertical boreholes, X s can 
be set equal to the average depth

 
in equations (1) to (3). For vertical systems, this usually 

becomes a trivial task since the sub-surface ground temperature does not vary significantly 
over the course of the year (Kavanaugh and Rafferty, 1997); ground temperature can then 
be estimated as equal to the mean annual surface soil temperature, Tg .

2.3 Building Load Calculation – Descriptive Data Method

There are two options available in the RETScreen GSHP Project Model to calculate the 
load of the building in which the GSHP system is to be installed: either the user enters 
the physical characteristics of the building (descriptive data method) or the user enters the 
design loads and typical energy use of the building (energy use method). This section de-
scribes the descriptive data method for commercial (institutional) and industrial buildings 
(Section 2.3.1), and residential buildings (Section 2.3.2). The energy use method is described 
in Section 2.4. 

5. pCk ρα =  where k is the thermal conductivity in FlbhrBTU ° , ρ is the density in 
3ftlb  and pC  is the specifi c 

heat in FlbBTU ° .
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2.3.1 Commercial (institutional) & industrial buildings

In a simplified approach, it is difficult to evaluate complex internal building behaviour 
such as individual zone demand due to the large amount of data a user would need to 
gather and input into the RETScreen GSHP Project Model. Therefore, a whole-building 
approach was adopted. This whole-building approach allows the determination of what 
are called “block loads”.

A block load refers to the peak load occurring in a building at a specific time under design 
temperature conditions. For example, in a building with many zones (independent ther-
mostats), the sum of each zone’s cooling load can exceed the block cooling load since these 
loads might not happen concurrently (due to differences in occupancy, exposure, solar gain 
or other factors). For a residential building, block cooling and heating loads are usually the 
summation of all room loads under the same design conditions. Figure 18a illustrates the 
block load approach while Figure 18b shows how a building is typically segmented into 
zones with different thermal loading profiles. Using the block load approach, the whole 
building can be treated as a simple zone with a single inside air temperature.
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Figure 18:
Block Load vs. Zoned Building Approach.
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Relationships between outside temperature and the various building heating and cooling 
load components must be established, as described in the modified bin method presented 
in ASHRAE (1985). The following load components are treated in the RETScreen GSHP 
Project Model:

 Transmission losses (conductive and convective);

 Solar gains (sensible);

 Fresh air loads (latent and sensible);

 Internal gains (latent and sensible); and

 Occupant loads (latent and sensible)6.

Each load component is expressed as a polynomial of zeroth, first or second order, as 
shown in the following generic equations (4), (5) and (6):

 (4)

 (5)

 (6)

where q j  is the building load from source j  (e.g. transmission losses, solar gains, fresh air, 
internal gains, and occupant loads), To  is the outside air temperature, and c j0, , c j1,  and c j2,  
are polynomial coefficients derived from physical building characteristics related to source 
j . The modified bin method presented in ASHRAE (1985) does not use 2nd order polynomi-

als. This term has been added in the RETScreen GSHP Project Model to account for fresh 
air latent loads, as will be shown later. The global building load equation as a function of 
outside air temperature can be obtained through a summation of all n load components: 

 (7)

6. Air-conditioning cooling loads are made up of two components called sensible and latent loads. Sensible loads refer 

to the capacity required to maintain the temperature of the indoor air while latent loads refer to the capacity required 

to maintain the humidity, or water content, of the indoor air. A typical air-conditioner can be designed with 60 to 80% 

of its capacity intended for sensible heat loads and 20 to 40% for latent, dehumidifying loads. Most of the latent load 

comes from fresh air makeup and from building occupants.
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which can be written in short form as:

 (8)

where each coefficient ci  is the sum of all individual ci j, . Considering these generic equa-
tions, the calculation of six load components of a commercial (institutional) and industrial 
(CI) building is shown hereafter, followed by the resulting building load equation and bal-
ance points. To facilitate the identification of these six load components specifically associ-
ated with commercial (institutional) & industrial buildings, they are noted from CI

1 
to CI

6
.

 CI1 - Transmission losses (conductive and convective)

Transmission losses include all conductive and convective heat losses through the 
building’s envelope. In the simplified approach used in the GSHP Project Model, no 
provisions are made for opaque surface solar gains. Therefore, transmission losses 
qtrans  are simply:

 (9)

where UA
i( )  is the global heat transfer coefficient for exterior component i 

(e.g. exterior walls, ceilings, windows) and Tin  is the inside air temperature. This 
equation can be simply rearranged to obtain the required form of equation (5), with:

 (10)

 (11)

In the RETScreen GSHP Project Model, the user only enters the building floor area 
and the numbers of floors. The model assumes that the building has a square foot 
print, therefore the perimeter of the building is 4 S Z where S is the total floor 
area and Z is the number of floors. Building wall height H is assumed to be 3 m. 
Using these assumptions, UA( ) for exterior walls is simply:

 (12)

where Uwall  is the heat transfer coefficient (also called “U-value”) for exterior walls, which 
depends on the type of insulation used (U-values are the reciprocal of R-values expressing 
the thermal resistance of walls).
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For ceilings, the area considered is equal to the total floor area divided by the num-
ber of floors; this leads to the following expression for UA( ):

 (13)

where Uceil  is the average U-value for ceilings. Finally the loss coefficient through 
windows is expressed as:

 (14)

where Uwin  is the average U-value for windows; fwin is the ratio of window area 
to total floor area, entered by the user in the Heating and Cooling Load worksheet 
through a qualitative selection from a drop-down list.

 CI2 - Solar gains (sensible)

The treatment of solar gains through windows represents a special challenge for a 
simplified procedure such as the bin method. To obtain the relationship such as in 
equation (5), the bin method assumes that there is a linear correspondence between 
outdoor temperature and the amount of solar gains in a building, as shown in 
Figure 19.
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Figure 19:
Solar Gains as a Function of Outside Temperature.
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Solar gains through windows are thus expressed as:

 (15)

which can be rearranged in the form of equation (5) as , with:

 (16)

 (17)

In the equations above, Sc  represents the building conditioned floor area, and M 
is the solar heat gain interpolation coefficient, expressed as:

 (18)

where qsol winter,  and qsol summer,  are the average solar contribution for winter and 
summer at the building location, and Tph  and Tpc  are the winter (heating) and 
summer (cooling) design day average temperatures. The design day average tem-
peratures are obtained from the heating and cooling design day temperatures Td heat,  
and Td cool,  entered by the user in the Heating and Cooling Load worksheet of the 
GSHP Project Model, through:

 (19)

 (20)

where DR is the mean daily temperature range, also specified by the user. The cal-
culation of the winter and summer average solar gains is based on the ASHRAE’s 
Cooling Load Factor (CLF) method (see ASHRAE, 1985, ch. 26). For the RETScreen 
Software modeling needs, the solar gain using this method is expressed as:
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 (21)

where ori  is the orientation (North, East, South, West assumed in the GSHP Project 
Model), season  is the warmest or coolest month (e.g. January or July in the north-
ern hemisphere), MSHGFori season,  is the maximum solar heat gain factor for orien-
tation ori  and month season  at the building’s latitude, AGori  is the glass area for 
exposure ori , SCori  is the shading coefficient of glass for exposure ori , CLFtot ori,  
is the 24-hour sum of the cooling load factors for orientation ori , FPSseason  is the 
fraction of possible sunshine for season , nhseason is the number of operating hours 
of air conditioning equipment for season , and Sc  is, as before, the building con-
ditioned floor area.

According to ASHRAE (1985) typical values can be assumed for the following 
parameters: ,  for summer and 0.45 for winter, 
nhseason = 12 for summer and 24 for winter. Finally, glass area on all orientations 
is assumed to be equal (and is therefore one quarter of the total glass area AG  for 
each of the four orientations). It becomes therefore possible to factor out all constant 
parameters in equation (21), which becomes:

 (22)

Values for the maximum solar heat gain factor MSHGFori season,  are tabulated in 
ASHRAE (1985), Ch. 26, Table 11; they depend on orientation, month, and lati-
tude. Cooling load factors CLFtot ori,  are listed in Table 13 of the same reference 
(RETScreen GSHP Project Model assumes a “medium” thermal mass), and depend 
only on orientation. Consequently, the summation term in equation (22) depends 
only on month and latitude. To speed up calculations in the GSHP Project Model, the 
summation term was plotted against latitude for both winter and summer and curve 
fitting was used. The resulting plots and fit equations are displayed in Figure 20.

 CI3 - Internal gains (sensible)

The treatment of the sensible internal gains is very simple and straightforward. 
Every internal gain source is assumed independent of outside temperature. As a 
consequence, the expression for sensible internal gains qint sens,  takes the form of 
equation (4) (zero order polynomial) as , with:

 (23)

where Kl , Ke  and K p sens,  are respectively gains from lighting, equipment and occu-
pants. The values selected for these constants were taken from ASHRAE (1985) and 
PMSK (1991), as indicated in Table 2.
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Gains Level Lights
(W/m2)

Equipment
(W/m2)

Light 5 5

Moderate 15 10

Heavy 25 20

Occupants 74.6 W/person

Table 2:  Selected Values for Internal Gains (Adapted from ASHRAE, 1985).

In the GSHP model, the number of occupants in commercial (institutional) and 
industrial buildings is linked to the floor area entered by the user. The model 
assumes that commercial and institutional buildings have 5 persons per 100 m2 
while industrial buildings have 1 person per 100 m2 of floor area.

 CI4 - Fresh air load (sensible)

The load due to outside air entering the building is estimated to be proportional to 
the number of occupants in the building. The load is divided between sensible and 
latent component. Considerations for the latent term are described later.

Figure 20: 
Curve Fits on the Summation Term in Equation (22).
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The generic equation for calculating the sensible load q f sens,  from an outside air 
stream is:

 (24)

where ρ  is the density of air, Cp its specific heat, and V  is the volumetric flow rate of 
entering air. This equation is readily adaptable to the generic form of equation (5) as:

 (25)

with:

 (26)

 (27)

The model assumes constant values for air density and specific heat (ρ  = 1.2 kg/m2, 
Cp  = 1.005 (kJ/kg)/°C). The amount of fresh air entering the building, from all 
sources, is estimated at 20 L/s/person. A 50% heat exchange between this outside 
air stream and the air extracted from the building is assumed. Therefore, the net 
effective airflow per occupant is reduced to 10 L/s for thermal balance calculations.

 CI5 - Fresh air load (latent)

The latent load considered in the GSHP model affects only air-conditioning needs. 
The model does not consider any type of humidification needs during the heating 
season. The conventional method of calculating an outside air latent load is to use 
the wet bulb temperature of the air entering from the outside and indoor air to 
obtain the water content in both streams. From the water content, and the enthalpy 
of saturated water vapour, the latent load q f lat,  can be calculated as:

 (28)

where W  is the air water content expressed in kg of water per kg of dry air, 
 is the enthalpy of saturated water vapour expressed in kJ/kg, 

and Tair  is the air temperature in °C. Subscripts “o” and “in” denote outside and 
inside air, respectively. While this formulation is exact, it requires knowing the wet 
bulb temperature, or the relative humidity, of the exterior air at all times. However, 
this information is not available in the GSHP Project Model since only dry bulb 
temperature bins are used.
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Therefore, a method was adopted to allow for a basic evaluation of the fresh air 
latent load. In the GSHP Project Model, the user is asked to qualitatively define 
the project location’s humidity level. From this qualitative information, the model 
generates an equivalent fresh air latent load proportional to the sensible load and 
linearly correlated to outside temperature, as shown in Figure 21. The maximum 
fraction of latent load, f , to sensible load is defined as a function of the qualitative 
user input, as presented in Table 3. The minimum fraction, fmin, and the design day 
average temperature range, DT , were determined empirically to be 0.1 and 30°C 
respectively. The 30°C wide range insures that no negative latent load will occur for 
the building’s temperature bins, even though the function shown in Figure 21 can 
produce negative loads at sufficiently low exterior temperature.

Humidity Level Maximum latent to 
sensible fraction

Low 0.5

Medium 1.5

High 2.5

Table 3:  Latent-to-Sensible Ratio.
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Figure 21:
Relationship between Latent and Sensible Fresh Air Load as a function of Outside Temperature.
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The values selected for these fractions were obtained by calculating the actual fraction 
of latent to sensible load for a unit air flow at different locations using ASHRAE (1985) 
Ch. 24, Table 1, design summer dry bulb and mean coincident wet bulb conditions.

The mathematical formulation for f , the fraction of latent to sensible load, is:

 for T Co > °10  (29a)

f = 0 for T Co < °10  (29b)

where coefficients a and b are calculated from maximum latent to sensible fraction 
fmax  and from summer design temperature Td cool,  through:

 (30a)

 (30b)

The actual latent load is obtained by multiplying equations (29a) and (29b) with 
equation (24) for the sensible load, resulting in a second order polynomial (form of 
equation 6):

 (31)

with:

 (32)

 (33)

 (34)

Where all variables were previously defined.
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 CI6 - Internal gains (latent)

For sensible internal gains, latent internal gains are assumed constant. Only latent 
internal gains from occupants are considered in the model. As a consequence, the 
expression for latent internal gains qint lat,  takes the form of equation 4 (zero order 
polynomial) as , with: 

 (35)

where K p lat,  is a constant describing latent gains from occupants. A value of 
74.6 W/occupant was selected for this constant (ASHRAE, 1985). The calculation 
of the number of occupants was described before for the Internal gains (sensible) load 
components CI

4
.

Commercial (institutional) & industrial (CI) building load equation and balance points

Combining all of the c0, c1 and c2 coefficients calculated from the above load components 
CI

1
 to CI

6
, results in the final building load relationship as a function of outside air tem-

perature (equation 7). This relation can then be used for each temperature bin to evaluate 
the building energy use. The same equation can also be used at the winter and summer 
design temperatures to estimate the building design loads.

Since the GSHP Project Model considers two sets of bins, one for daytime hours and one for 
night time hours, two corresponding sets of c0, c1 and c2 coefficients are needed. Further-
more, since some load distinction is made between winter and summer, through the latent 
and solar load components, two additional sets of coefficients are required. The resulting 
building load behaviour is shown graphically in Figure 22.
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In order for the model to be able to select between the heating and cooling load coefficients, 
the building balance temperatures must be estimated for heating and cooling conditions. 
These balance points represent the temperature above and below which the building does 
not require heating and cooling respectively. These balance points can be seen in Figure 
22, at the locations where the curves intercept the x-axis. The balance temperature Tbal  
can be found by finding the roots of equation (7):

 (36)

(One of the two roots is selected based on physical considerations). For the case where 
there is no quadratic term, the equation simplifies to:

 (37)

2.3.2 Residential buildings

The approach selected for residential buildings is very similar to the one presented for com-
mercial (institutional) & industrial buildings in the previous Section 2.3.1. The assumption 
of a single zone model, as shown in Figure 18a, is also applied here. However, contrary to 
CI buildings, this assumption is a fair approximation of what is mostly encountered in the 
residential sector, especially for homes equipped with central heating systems.

Therefore, the simplified building model for residential applications should lead to more ro-
bust estimations of building loads and energy use when choosing the descriptive method. 
This is attributable in part to the more closely matched zoning assumption but also to the 
greater homogeneity in building use and architecture in the residential market.

While most of the heat loss and heat gain components presented in Section 2.3.1 are com-
mon to residential applications, a number of specific adaptations are suited to this type 
of building. Most important are the explicit consideration of basement loads, and the 
modified treatment of fresh air load calculations. Basement heat losses are not considered 
for CI buildings since they are assumed to be negligible compared to the overall building 
demand. This is not the case for residential or small commercial buildings, where basement 
heat losses can account for a significant portion of the total design demand.

As for CI buildings described in Section 2.3.1, each heating or cooling load is expressed 
through an explicit relation between the load and the outside air temperature (equations 
4 to 6). However, the presence of below-grade components results in one additional type 
of relation being considered:

 (38)
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where qk  is the building load from below-grade component k , Tg is the temperature of 
the ground surrounding below-grade components, and d k0,  and d k1,  are polynomial coeffi-
cients derived from physical building characteristics for each below-grade component k.

The global building load equation as a function of outside air temperature and ground 
temperature can then be obtained through a summation of all n above-grade and m 
below-grade load components: 

 (39)

or in short form:

 (40)

where each ci  or di  is the sum of all individual ci j,  or di k, . Considering these generic equa-
tions, the difference between the calculations of the six load components for a residential 
(RES) building and a commercial (institutional) & industrial (CI) building is shown here-
after, followed by the resulting building load equation and balance points. To facilitate the 
identification of these six load components specifically associated with residential build-
ings, they are noted from RES

1 
to RES

6
.

 RES1 - Transmission losses (conductive and convective)

The treatment of transmission losses for residential buildings differs from the one 
presented for CI buildings only by the addition of basement losses. All above-grade 
losses adhere to equation (9), resulting in the same c0 and c1 coefficients as in 
equation (10) and (11).

Above-grade losses: Most assumptions made for CI buildings still apply, with the 
difference that wall height is assumed to be 2.5 m instead of 3 m. An additional 
term is added to the above-grade wall heat losses to account for the part of the 
foundation that is exposed to outside air. In the case of a full basement, the model 
assumes that a height H f o,  = 0.7 m of the foundation wall is exposed to outside air; 
equation (12) becomes:

 (41)

where U f wall,  is the “U-value” for foundation walls. For slab on grade foundation, 
the model assumes that roughly half the slab area (the “perimeter area”) is exposed 
to outside air, the rest exposed to ground temperature, in which case, 
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 (42)

where U f floor,  is the “U-value” for the basement floor.

Below-grade losses: The approach for estimating below-grade foundation heat losses 
is largely inspired from the approach used in the low-rise residential energy analysis 
and design software HOT2000TM (1991). The losses for full basement below-grade 
components are divided in four parts:

1. Upper below-grade wall, representing approximately 1/3 of the below-grade height;

2. Lower below-grade wall, representing the remaining 2/3 of the below-grade height;

3. Floor perimeter area, assumed in the model to be half the fl oor area; and

4. Floor centre area, assumed to be half the fl oor area.

For slab on grade foundation, only the fourth component applies. Transmission 
losses are expressed in a way similar to (9), except that outside air temperature must 
be replaced by ground temperature:

 (43)

Since the bin method only provides air temperature distribution, a linear correlation 
between the outside air temperature and the ground temperature is used to obtain 
the ground temperature for each bin:

 (44)

where Tbin  is the bin temperature. The resulting d0 and d1 coefficients for each 
below-grade components are for below-grade walls (full foundation):

 (45)

 (46)
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and for below-grade floor (full foundation):

 (47)

 (48)

For slab on grade foundations, only the last two equations, divided by 2, applies. 
The treatment of ceiling and windows is similar to the CI building case (CI

1
), except 

that windows are assumed to occupy a constant 20% of the total floor area.

 RES2 - Solar gains (sensible)

Calculation of solar gains for residential buildings is identical to that of CI build-
ings ones (CI

2
), with the exception of window area, which is defined for the load 

components RES
1
 as having an equal distribution of the window surface across the 

four wall orientations.

 RES3 - Internal gains (sensible)

The treatment of internal gains is similar to the CI building case (CI
3
), where 

, but with:

 (49)

where Kint represents gains from all equipment, lights and appliances, and K p sens,  
represents gains from occupants. The constants in the equation above were assumed 
to be 14 W/m2 for internal gains and 74.6 W/person for occupants (ASHRAE, 1985). 
Unlike commercial (institutional) & industrial buildings, the number of occupants 
is not linked to the floor area. The model considers that residential buildings have 
2 adults and 2 children at all times; the average heat gain from children is taken as 
half that of an adult.

 RES4 - Fresh air load (sensible)

The load due to outside air entering into the building is estimated exactly as described 
for the CI buildings load component (CI

4
). However, the volume of fresh air into a 

residential building is not related to the number of occupants but rather to the level 
of insulation indicated qualitatively by the user: the higher the insulation level, the 
lower the amount of air entering the building. Table 4 shows the number of air 
changes per hour (ACH), as a function of insulation level (Hydro-Québec, 1994). 
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Insulation levels ACH

Low 0.5

Medium 0.25

High 0.1

Table 4:  Infi ltration Levels Used in the Residential Model.

The house volume is calculated as HS H S Zb+  with H  the estimated wall height 
(estimated at 2.5 m), Hb the basement height (estimated at 2.2 m, when present), S  
the floor area (excluding basement) and Z  the number of floors.

 RES5 - Fresh air load (latent)

The fresh air latent load calculation for residential buildings is similar to that of CI build-
ings (CI

5
). Only the calculation of the airflow rate is different, as presented for RES

4
.

 RES6 - Internal gains (latent)

As for a CI building, only latent internal gains from occupants are considered. The 
calculation procedure is identical to the CI building case, but with the evaluation 
of the number of occupants made as described for RES

3
.

Residential (RES) building load equation and balance points

Combining all the c0, c1, c2, d0 and d1 coefficients from the above load components RES
1
 to 

RES
6
 results in the final building load relationship as a function of outside air temperature 

(equation 39) . This relation can then be used, for each temperature bin, to evaluate the 
building energy use and can also be used at the winter and summer design temperatures to 
estimate the building design loads. The residential model results in four sets of coefficients 
in order to account for daytime, nighttime, cooling and heating conditions. Figure 22, 
presented for CI buildings, applies equally to the residential model.

The balance point temperature Tbal for residential buildings is obtained by finding the root 
of equation (39): 

 (50)

(As before, physical considerations guide the choice of the root to keep). For the case where 
there is no quadratic term, the equation simplifies to:

 (51)
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2.4 Building Load Calculation – Energy Use Method

The descriptive data method for building load calculation, detailed in the previous 
Section 2.3, is useful when dealing with a new building. However, this approach may not 
always be appropriate, especially for commercial (institutional) & industrial buildings 
which are usually more complex. An alternate method is to have the user enter known 
building energy related information, namely the building’s annual energy use and its de-
sign loads. From this information, a relation similar to equation (5) can be derived. This 
method, called the Energy use method, is described in this section.
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Figure 23 illustrates the basic information available in determining the coefficients in 
equation (5). To do so, equation (5) is first applied to the design heating load qd heat,  and 
the heating design temperature Td heat,  specified by the user in the Heating and Cooling Load 
worksheet of the RETScreen GSHP Project Model:

 (52)

Then, integration of the curve in Figure 23a over the temperature occurrence distribu-
tion shown in Figure 23b, is equal to the user-entered annual heating load of the building 
qtot heat, . In discrete form:

 (53)

where To i,  is the average temperature for each of the p bins available in the model (1≤ ≤i p), 
and h To i,( ) is the number of hours of occurrence of outside temperature To i,  during the 
heating season, as shown in Figure 23b. Equations (52) and (53) constitute a simple set of 
two equations containing two unknowns, namely c0 and c1. Solving the set of equations 
results in the following explicit form for the coefficients:

 (54)

 (55)

To obtain the coefficients expressed in equations (54) and (55), only the temperature bins 
corresponding to a heating load, as in Figure 23a, must be considered. These bins are those 
corresponding to temperatures below the balance point temperature. Applying equation (37) 
to the coefficients obtained in (54) and (55) allows delimiting the bins used in the calculation. 
This, in turn, modifies the c0 and c1 coefficients, resulting in an iterative solution procedure.

The procedure presented in equations (52) to (55) is then reapplied to obtain a separate set 
of c0 and c1 coefficients specific to the cooling season, with user-entered design cooling load 
qd cool, , summer design temperature Td cool, , and annual cooling load of the building qtot cool, .
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Using two sets of independent coefficients (one for heating, one for cooling) can lead to possible 
conflicts between the heating and cooling load equations. As shown in Figure 24a, the balance 
points could overlap if the data entered are inconsistent or if the linear model for the building 
load does not accurately represent the building behaviour. Since it is not possible, with the 
information available, to resolve such a conflict, the GSHP Project Model assumes that both 
equations fall to 0 in the conflicting region, resulting in the load curves displayed in Figure 24b. 
Note that having different sources for cooling and heating energy use tends to make the iterative 
solution process more difficult, given possible conflicts from user-entered data7.

7. Specifi cally, specifying a relatively large load associated with a relatively small demand can cause the balance points 

to overlap. In these cases, the user may notice a difference between the demands specifi ed and those calculated by 

the GSHP Project Model. This is a result of the iterative procedure necessary to obtain the coeffi cients.
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2.5 Building Load Calculation for each Temperature Bin

The steps described in previous Section 2.3 and Section 2.4 for respectively the Descriptive 
Data Method and the Energy Use Method lead to the calculation of building load for each 
temperature bin generated (see Section 2.2.1). This is done through equations (7) for com-
mercial (institutional) & industrial buildings, and (39) for residential buildings, taking into 
account the balance point temperatures.

As an example of such calculation, Table 5 shows the application of the method to a 2°C daytime 
temperature bin. The building’s total energy demand for heating and cooling is simply evaluated 
by combining the calculated demand with the hours of occurrence of the temperature bins and 
the balance point temperatures, using the algorithms shown in the previous sections.

Bins

(°C)

January

(h)

July

(h)

Rest of year

(h)

Cooling 
Demand
(yes/no)

Heating 
Demand
(yes/no)

Building load
(- for cooling)

(kW)

-12 0 0 0 no yes 4.59

-10 2 0 0 no yes 4.39

-8 9 0 3 no yes 4.18

-6 27 0 12 no yes 3.98

-4 56 0 68 no yes 3.77

-2 101 0 128 no yes 3.57

0 54 0 188 no yes 3.36

2 62 0 223 no yes 3.16

4 17 0 275 no yes 2.95

6 5 0 235 no yes 2.75

8 0 0 189 no yes 2.54

10 0 0 218 no yes 2.34

12 0 0 162 yes yes 0.00

14 0 0 191 yes yes 0.00

16 0 0 167 yes yes 0.00

18 0 0 193 yes no -1.62

20 0 10 208 yes no -1.82

22 0 28 260 yes no -2.02

24 0 57 236 yes no -2.22

26 0 89 195 yes no -2.42

28 0 67 121 yes no -2.62

30 0 57 58 yes no -2.82

32 0 23 21 yes no -3.02

34 0 0 0 yes no -3.22

Table 5:  Example of Building Load Calculation for a 2°C Temperature Bins
 (building occupancy is from 8 a.m. to 7 p.m., leading to 4,015 hours of use during the year).
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2.6 Earth Connection - Closed-Loop Ground Heat Exchangers (GHX)

This section introduces the procedure to estimate the size and the performance of 
closed-loop ground heat exchangers (GHXs). Since this estimation also requires the cal-
culation of elements that specifically belong to the heat pump system, the sizing proce-
dure introduced here is completed later in this chapter, where the heat pump system is 
discussed (Section 2.8).

2.6.1 Ground heat exchanger (GHX) sizing

Ground heat exchanger sizing is concerned mainly with the determination of heat ex-
changer length. The method used in the GSHP Project Model is largely adapted from 
IGSHPA (1988). The required GHX length based on heating requirements, Lh, is:

 (56) 

where COPh  is the design heating coefficient of performance (COP 8) of the heat pump 
system, Rp  is the pipe thermal resistance, Rs  is the soil/field thermal resistance, Fh is the 
GHX part load factor for heating (see Section 2.6.3), Tg min,  is the minimum undisturbed 
ground temperature (see equation 2), and Tewt min,  is the minimum design entering water 
temperature (EWT) at the heat pump (see Section 2.6.2). A similar equation can be used to 
calculate the required GHX length Lc based on cooling requirements:

 (57)

where COPc  is the design cooling coefficient of performance (COP) of the heat pump 
system, Fc  is the part load factor for cooling (see Section 2.6.3), Tg max,  is the maximum 
undisturbed ground temperature (see equation 3), and Tewt ,max is the maximum design 
entering water temperature at the heat pump (see Section 2.6.2).

8. The effi ciency of heating systems are measured as the Coeffi cient of Performance (COP ), which represents the energy 

produced by the system divided by the energy put into it. For example, if natural gas could produce 100 units of heat 

(if burned completely), but 7 of those units are lost (up the chimney), the resulting COP is: (100 – 7)/100 = 0.93.
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These two equations represent a simplification of the ones developed by Ingersoll and 
presented in Kavanaugh and Rafferty (1997). Equations (56) and (57) do not take into 
consideration long-term thermal imbalances that could alter the soil temperature field over 
a period of many years. These thermal imbalances are generally attributable to significant 
differences between the annual heat extracted from the ground and the heat that is rejected 
to the ground during the cooling season. However, this simplification could be considered 
acceptable at the preliminary feasibility evaluation stage. 

There are a large number of possible configurations for both vertical and horizontal systems 
(see Figure 12). To simplify the input requirements, the RETScreen GSHP Project Model 
is based on one type of horizontal and one type of vertical GHX configuration. A stacked 
two-pipe system (31.8 mm nominal diameter with one pipe 1.8 m deep and the other 
1.2 m below the surface), is used for horizontal GHX (see Figure 25a), while one U-tube 
(31.8 mm nominal diameter) per borehole is used for vertical GHX (see Figure 25b).

Equations (56) and (57) require the determination of pipe thermal resistance Rp  and soil/field 
thermal resistance Rs. These are determined from geometrical and physical considerations, 
as shown in IGSHPA (1988). For horizontal GHX, the method takes into account surface ef-
fects that have a significant influence on horizontal soil/field resistance values. Soil resistance 
values are tabulated as a function of radial distance for different kinds of soil (e.g. light soil or 
heavy soil, damp or dry, rock, etc.). Thermal resistances for permafrost were extrapolated 
from those for regular soil, based on soil conductivity properties.

As shown by equations (56) and (57), there are two possible heat exchanger lengths that can 
be used for designing a closed-loop system. The choice between using the cooling or heat-
ing length is left to the user in the Energy Model worksheet of the RETScreen GSHP Project 
Model. This design decision has an impact on both cost and performance of the GSHP sys-
tem. Selecting a GHX length that will not be sufficient for heating will require an auxiliary 
heating system. Using a GHX length insufficient for cooling will require a supplemental heat 
rejector. The GSHP Project Model takes into account these two possibilities when modelling 
the GHX. For example, if the cooling mode design criterion was selected by the user in the 
Heating and Cooling Load worksheet, the RETScreen GSHP Project Model will estimate the 
maximum heating capacity that will be available based on the cooling length selected.

(b) Vertical arrangement
(viewed from top)

(a) Horizontal arrangement
(cross-section)

1.2 m
1.8 m

Figure 25:
RETScreen GSHP Project 

Model GHX Confi gurations.
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2.6.2 Design entering water temperature (Tewt )

The design of a GHX is in many ways similar to that of a conventional heat exchanger. For 
a conventional heat exchanger, the inlet and outlet temperatures are usually provided for 
sizing the heat exchanger. This also applies for a GHX: the final size of the GHX is in great 
part determined by the user’s requirements for the minimum or maximum temperatures 
allowed at the GHX’s outlet during the course of the year.

However, the values for the maximum and minimum GHX outlet temperatures have a 
fairly limited range of acceptable values. Practical constraints, mainly from the heat pumps, 
tend to make this design decision more straightforward. 

For example, extended range heat pumps will usually have a 20°F (-6.7°C) recommended 
minimum design entering water temperature (Tewt min, ) and 110°F (92.2°C) recommended 
maximum design entering water temperature (Tewt ,max ). Specific designs may go below 
and above these temperatures but are not common. From a literature review (ASHRAE 
1995, Kavanaugh and Rafferty 1997, IGSHPA 1988), the following design entering water 
temperature estimates were used in the GSHP model:

 Minimum design entering water temperature: 

 Maximum design entering water temperature: 

Since the model was also designed to be used in permafrost, the 20°F minimum entering 
water temperature limitation was not implemented.

2.6.3 Part load factor (F )

Determining the GHX length using equations (56) and (57) requires the evaluation of the 
GHX part load factor. The part load factor (F ) represents the fraction of equivalent full 
load hours during the design month to the total number of hours in that month, as seen 
by the GHX (Kavanaugh and Rafferty, 1997). It can be evaluated as:

 (58)

where q  and qmax are the average load and peak load for the month respectively. The part 
load factor F  is evaluated for the design cooling month and the design heating month, 
typically July and January in the Northern Hemisphere, leading to the values Fc  and Fh  
used in equations (56) and (57).
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The load is evaluated using the equations presented in Sections 2.3 and 2.4 for each temper-
ature bin. The temperature bins are available for both heating and cooling design months, 
as specified in Section 2.2.1. 

2.7 Earth Connection - Open Loop Systems (Groundwater)

The RETScreen GSHP Project Model is also designed to analyse conventional groundwater sys-
tems (see Figure 26), and could equally be used for evaluating standing well systems. Standing 
well systems use an intermediate heat exchanger between the earth connection and the heat 
pump to isolate the building fluid loop from the ground water. This is compulsory whenever 
the building loop fluid is not water, and is recommended in many cases to prevent damage to 
the heat pump heat exchanger due to scaling or corrosion caused by the groundwater.

The sizing criterion for a groundwater system is the groundwater flow; the system size is 
not measured in units of length (e.g. metres of tubing for closed-loop systems), but rather 
in units of flow, measured in litres of groundwater per second. Groundwater flow is deter-
mined by the greater of the flows required for cooling design conditions and for heating 
design conditions. Determination of the flow requirements is based on the fundamental 
equation for thermal capacity:

Heat pump

Intermediate
heat exchanger

Supply well Injection well

Tb,s Tb,r

Tg,woTg,wi

Tewt

mb

mg

Figure 26:
Indirect Groundwater Heat Pump System used in an open loop system (groundwater).
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where mheat and mcool are the required well water flow rate for heating and cooling, Qd heat,  
and Qd cool,  are the design heating and cooling heat pump capacities (see Section 2.8.1), 
COPh  and COPc are the heat pump performances at design heating and cooling condi-
tions (see Section 2.8.1), ρ is the density of water, Cp  is the specific heat of water, and Tg wi,  
and Tg wo,  are the groundwater temperatures entering and leaving the intermediate heat 
exchanger located between the earth connection and the heat pump as shown in Figure 26. 
As a first approximation, the groundwater temperature Tg wi,  is assumed to be equal to the 
mean annual surface soil temperature Tg (see Section 2.2.2).

In order to complete the evaluation of equations (59) and (60), the temperature of ground-
water leaving the intermediate heat exchanger (Tg wo, ) must be evaluated. This can be 
achieved by the following two design methods, refering to Figure 26:

 Select an approach temperature ΔTa between the building return temperature 
(Tb r, ) and the groundwater temperature leaving the intermediate heat exchanger 
(Tg wo, ). This approach temperature design method is explained below in this section; 

 or

 Select a value for the heat pump heating and cooling design entering water 
temperature (Tewt). Since this design entering water temperature Tewt value 
selection design method requires the calculation of elements that specifi cally 
belong to heat pump system, it is explained later, as part of Section 2.8.3, 
assuming, in fi rst approximation, that the building supply temperature Tb s,  
is close to Tewt (see equation 78).

Approach temperature design method

Chapter 6 in ASHRAE (1995) gives typical values for the approach temperatures as well as 
for the design entering water temperatures:

  [cooling] (61)

  [heating] (62)

 (63)
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where Tg  is the mean annual surface soil temperature. 

For heating conditions, the required intermediate heat exchanger groundwater leaving 
temperature (Tg wo, ) can then be derived from:

 (64)

 (65)

where mb  is the flow rate in the heat pump building loop, and ρbuilding  and Cp building,  are the 
density and the specific heat of the liquid in the building loop. Substituting equation (65) 
into (64) leads to:

 (66)

The typical flow rate value of the fluid in the heat pump building loop (mb) recommended 
by groundwater-source heat pump manufacturers is 3 usgpm/Ton of installed cooling 
capacity (ASHRAE 1995).

Similarly for cooling conditions, the temperature of groundwater leaving the intermediate 
heat exchanger (Tg wo, ) is expressed as:

 (67)

Resolving equations (66) and (67) gives the temperature of groundwater leaving the inter-
mediate heat exchanger (Tg wo, ) that is necessary to resolve equations (59) and (60), which 
in turn allow to size the earth connection (e.g. the open loop system) by the determination 
of the required design well flow rate (m) for heating and cooling.

2.8 Heat Pump System

This section presents the modelling elements associated with the heat pump system. The 
calculation of these elements are necessary to finalize the earth connection sizing of either 
closed-loop ground heat exchangers (GHXs) or open loop systems (groundwater) previously 
introduced in Sections 2.6 and 2.7, respectively. The heat pump coefficient of performance 
(COP), and their related capacity (Qc h/ ) are evaluated first, followed by the determination 
of the heat pump entering water temperature for both types of earth connection.
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2.8.1 Coeffi cient of performance (COP) and capacity (Q / )

The coefficient of performance (COP) of a heat pump system is a function of the entering 
water temperature. The model used in the RETScreen GSHP Project Model, which cor-
relates the COP of any heat pump to the entering water temperature, is inspired by the 
approach employed by Tarnawski (1990).

The ground heat exchanger load and heat pump useful capacity are linked through:

For cooling:

 (68)

For heating:

 (69)

where Qc is the heat pump cooling capacity at the evaporator, Qhe c,  is the heat rejected 
to the GHX at the heat pump condenser in cooling mode, Qh  is the heat pump heating 
capacity at the condenser, and Qhe h,  is the heat extracted from the GHX at the heat pump 
evaporator in heating mode.

The method used to model the COP and the capacity as a function of the entering fluid 
temperature uses a quadratic polynomial correlation:

 (70)

 (71)

where COPactual is the actual COP of the heat pump, COPbaseline  is the nominal COP of 
the heat pump (e.g. measured at standard rating conditions, 0°C for heating and 25°C for 
cooling), Qc h/ is the capacity of the heat pump for cooling or heating, and ki  and λi  are 
correlation coefficients listed in Table 6. Finally, χ  is a capacity multiplier, calculated so 
that the system meets either the building’s heating or cooling load.
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Correlation Coeffi cients Cooling Heating

COP

ki0  1.53105836E+00 1.00000000E+00

ki1 -2.29609500E-02 1.55970900E-02

ki2 6.87440000E-05 -1.59310000E-04

Capacity

λi0 1.41186164E+00 6.67872140E-01

λi1 -2.56202000E-03 2.79889800E-02

λi2 -7.24820000E-05 -1.06360000E-04

Table 6:  Quadratic Polynomial Correlation Coeffi cients Used in equations (70) and (71).

When the cooling load is used as the design criteria, the heat pump capacity is selected 
based only on the required heat pump capacity necessary to meet the cooling load. If the 
resulting heating capacity is insufficient, the model assumes that auxiliary heat will be 
available. The auxiliary heat will then have the same efficiency and energy source as the 
base case Heating, Ventilation, Air Conditioning (HVAC) system defined by the user in the 
GSHP Project Model. The resulting capacity multiplier χ  is then expressed as:

 (72)

where qd cool,  is the design cooling load and Tewt max,  is the maximum entering water tem-
perature as previously defined in Section 2.6.2. 

When heating is selected as the design criteria, the capacity multiplier χ  is the greater of 
equations (72) and (73):

 (73)

where Tewt ,min  is the minimum entering water temperature as defined in Section 2.6.2. The 
maximum value of the capacity multiplier χ  from equations (72) or (73) is retained since 
the GSHP Project Model assumes that the cooling needs must, at a minimum, be met by 
the installed heat pumps.
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2.8.2 Entering water temperature ( Tw i, ) for closed-loop ground exchanger

To evaluate the heat pump coefficient of performance (COP) and their related capacity 
(Qc h/ ) for each temperature bin (see Section 2.2.1), a linear interpolation method was de-
veloped based on a procedure presented in IGSHPA (1988). The interpolation method is 
summarised in Figure 27. For a given bin temperature Tbin i, , the temperature Tw i, of water 
entering the heat pump is simply:

 (74)

where Tmin  represents the point where the curve cuts the y-axis and all other variables 
were previously defined.
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Figure 27:
Determining Entering Water Temperature as a Function of Outside Temperature.
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2.8.3 Entering water temperature (Tewt ) for open-loop (groundwater) systems 9

For groundwater systems, the entering water temperature into the heat pump is linked to 
the groundwater temperature and the building load by combining equation (66) with the 
following equation for the intermediate heat exchanger capacity on the ground loop side:

 (75)

where Qg he,  is the intermediate heat exchanger capacity, ρ  is the density of water, Cp 
the specific heat of water, and gmg

.
 is the water flow on the ground loop side of the heat 

exchanger, and the other variables were previously defined (see Figure 26).

Solving for Tb s,  as a function of Tg wi,  gives the required relation for the entering water 
temperature (Tw i, ):

For heating:

  (76)

For cooling:

 (77)

An additional term can be added to equations (76) and (77) to account for the temperature 
rise attributable to the groundwater pump. This term is expressed as:

  (78)

The pump power qpump is obtained as the work required to rise the water over a height Δh 
from the pumping depth to the surface, plus a constant additional height Cst  to account 
for the remainder of the groundwater loop losses:

9. The calculation made in this section completes the value selection design method introduced in Section 2.7 for sizing 

open-loop systems.
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  (79)

where η pump  is the pump efficiency and g is the acceleration due to gravity (9.81 m/s2). The 
value of Cst  is set to 50 feet (15.24 m) of water.

2.9 Energy Use Evaluation

The energy use evaluations presented in this section concern the energy use by auxiliary pumps 
that serve to meet the heating or cooling loads that are not covered by the GSHP system.

2.9.1 Heat pump run time and energy use of auxiliary pumps

The theoretical heat pump RunTime is simply calculated for each temperature bin as:

 (80)

where qtot is the building load (see Sections 2.3 and 2.4) and Q is the heat pump capacity 
(see Section 2.8.1). The heat pump part load factor F  is calculated as:

 (81)

where cd  is an empirical factor (set to 0.15) accounting for the transient start/stop perform-
ance penalties (ARI, 1993). This factor is commonly known as the degradation coefficient. The 
smaller the values of  RunTime, the greater the penalty due to the degradation coefficient. 

The electric energy use of the heat pump and auxiliary pumps is evaluated for every tem-
perature bin. The heat pump electric demand is simply calculated as:

 (82)

The auxiliary building loop pumping power is assumed to be 17 W per kW of installed 
cooling capacity (Kavanaugh & Rafferty, 1997). The groundwater system pumping power 
is obtained by dividing equation (79) by a motor efficiency.
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2.9.2 Supplemental heating or cooling needs

The supplemental heating or cooling needs are determined for each temperature bin simply 
by the difference of the building load minus the capacity of the heat pump. The electric 
energy Qe  used by the heat pump and auxiliary pumps is:

 (83)

where Bin h( ) is the number of hours in the bin, F  is the heat pump part load factor ini-
tially introduced in Section 2.6.3 and just above in equation (81), and AUX e  is the sum of 
all auxiliary electrical demands.

The design auxiliary heating load is calculated by subtracting the heat pump system’s 
heating capacity at minimum entering water conditions from the building design load. 
The design supplemental heat rejector load is calculated by subtracting the GHX capacity 
at maximum entering water conditions from the building design cooling load.

2.10 Validation

Numerous experts have contributed to the development, testing and validation of the RET-
Screen Ground-Source Heat Pump Project Model. They include ground-source heat pump 
modelling experts, cost engineering experts, greenhouse gas modelling specialists, finan-
cial analysis professionals, and ground station and satellite weather database scientists.

This section presents two examples of validation. The first example deals with the vali-
dation against real data, of the temperature bins generator included in the GSHP Project 
Model. The second example shows the validation against seven other models and a set of 
real data, of the earth connection sizing for vertical closed-loop GHX.

2.10.1 Validation of the generation of temperature bins

Three types of comparison were done to verify the validity of the weather data generator 
included in the RETScreen GSHP Project Model (see Section 2.2.1). The first type of com-
parison, shown on Figure 28, compares generated temperature bins from the GSHP Project 
Model with real temperature bins obtained from Environment Canada. The results of this 
comparison show a good correlation between each set of data for all three Canadian cities 
evaluated: Charlottetown (PE), Montreal (QC), and Toronto (ON).
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A global comparison of the resulting degree-days was also performed for the following three 
Canadian cities: Montreal (QC), Quebec (QC), and Schefferville (QC). The results, displayed 
in Table 7, demonstrate that the weather data generated by the RETScreen GSHP Project 
Model are excellent, and only differ by 1.2% on average from real data, over the three cities.

The third type of comparison for the energy use for typical air-air heat pump is presented 
in Table 8. The data compared in this table is based on generated temperature bins from 
the GSHP Project Model and the ones obtained from Environment Canada. With a diver-
gence of less than 2% on average for all the five Canadians cities evaluated, this comparison 
demonstrates that the estimations made by the RETScreen GSHP Project Model are very 
close to real data.

In conclusion, this validation of the temperature bins generated by the RETScreen GSHP 
Project Model shows a satisfactory level of accuracy that is more than sufficient for the 
purpose of preliminary feasibility studies.
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Figure 28:
Temperature Bin Data Comparison for Charlottetown (PE), Canada.
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Figure 29:
Temperature Bin Data Comparison for Montreal (QC), Canada.
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Temperature Bin Data Comparison for Toronto (ON), Canada.
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City
Measured Data from 
Environment Canada 

(degree-days)

RETScreen GSHP Model 
Generated Data
(degree-days)

Difference

Montreal (QC) 4,406 4,435 0.7%

Quebec (QC) 4,855 4,949 1.9%

Schefferville (QC) 8,049 7,988 0.8%

Table 7:  Degree-days comparison (18°C base) for three Canadian cities.

City
Typical air-air heat pump 

heating energy use
(kWh)

RETScreen GSHP Model 
Generated Data

(kWh)
Difference

Toronto (ON) 36,690 37,200 1.4%

Montreal (QC) 35,490 36,140 1.8%

Charlottetown (PE) 36,920 37,160 0.6%

Winnipeg (MB) 32,930 33,240 1.0%

Vancouver (BC) 39,020 37,890 -3.0%

Table 8:  Typical Heat Pump Energy Use Comparison for Four Canadian Cities. 

2.10.2  Validation of the earth connection sizing for vertical closed-loop GHX

A literature review was also performed to identify benchmark cases to which a techni-
cal evaluation of the RETScreen GSHP Project Model could be made. As a result, several 
parts of the GSHP Project Model were evaluated separately. Amongst the benchmark cases 
found, two documents (Shonder et al. 1999, Shonder et al. 2000) were specifically written 
for evaluating vertical closed-loop GHX against seven commercial software programs used 
for sizing GHXs. As described below, the evaluations presented in these two papers are 
based on real data from residential and commercial buildings.

 Residential building cases

The paper by Shonder et al. (1999) uses two real residential buildings where monitored 
data were available to perform a comparative evaluation of six commercially available GHX 
sizing software programs. In addition, a calibrated detailed simulation program is used to 
obtain input values required by the six software programs, which were not readily available 
from the monitored data. The monitored data were used to calibrate the detailed model’s 
results. A total of seven predicted GHX sizes were obtained for comparison purposes. The 
residences selected included one heating and one cooling dominated load.
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The energy use and design demand for the two cases were used to obtain a first set of RETScreen 
GSHP Project Model predicted GHX sizes. Other input data such as soil type and heat pump 
performances were also available in the paper. Furthermore, the model’s descriptive option was 
also used to obtain a second set of predicted GHX sizes. However, since little was known about 
the thermal envelope of the buildings, a qualitative estimate based on the available energy use 
data was done. Table 9 presents the data for the two residential buildings cases.

Data Unit Residential Building
Case #1

Residential Building
Case #2

Location - Fort Polk, LA Sun Prairie, WI

Building fl oor area m2 97.7 127.3

Basement type - Slab Full

Insulation level - Medium Medium

Heating load kW 4.8 5.8

Peak heating demand kWh 2,200 6,800

Cooling load kW 4.6 4

Peak cooling demand kWh 6,400 1,500

COPh - 3.7 3.6

COPc - 4.8 5.5

Ks BTU/(h ft °F) 1.4 1.64

ρ Χπ BTU/(cu ft °F) 40 64

Table 9:  Data for Two Residential Building Cases [Shonder, 1999]. 

Predicted GHX lengths are presented in the paper as length per ton of installed heat pump 
capacity. This allows isolating the GHX size evaluation from the house and heat pump al-
gorithms. Table 10 presents the results obtained with the RETScreen GSHP Project Model 
and the seven other software programs studied in the paper. Also shown in Table 10 are 
the actual installed GHX sizes. The results are given for a one-year design length, neglect-
ing the long-term thermal imbalances.

The results from Table 10 indicate that, despite being a simplified pre-feasibility tool, the 
GHX calculations performed by the RETScreen GSHP Project Model are in good agreement 
with the commercial sizing programs. In fact, the average difference between the GHX 
sizing programs and the RETScreen GSHP Project Model (6%) was less than the average 
difference found amongst the seven GHX sizing programs (9%), when compared together. 
Also, no notable differences were found in the accuracies of the two methods employed 
in RETScreen to evaluate building loads (average difference of 6% for the descriptive data 
method, and of 7% for the energy use method), leading to the conclusion that both meth-
ods are adequate for evaluating GSHP projects at the preliminary feasibility stage.
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Even if the actual installed lengths (e.g. monitored data) are a bit higher than the average 
predicted results from the RETScreen GSHP Project Model, the divergences of the RET-
Screen Data are equivalent to the ones obtained from the seven other GHX sizing software 
programs, even when compared to the detailed simulation software results (average differ-
ence of 23%). This suggests that comparing predicted loop sizes by commercial software, 
including RETScreen, to actual monitored data might not necessarily be a reliable basis of 
validation, since there is no way to assert that real-case systems are the proper size, and 
represent a basis on which to judge design software. This applies to sizing data as well as 
to annual energy data since the latter are a function of the GHX size. Only when detailed 
monitoring data are available, including entering water temperatures, throughout the year 
should a valid comparison could be made.

1-year design

GHX Sizing Software Program
Port Folk
EWT = 90

Sun Prairie
EWT = 30

Commercial Program A 245 m 118 m

Commercial Program B 256 m 97 m

Commercial Program C 283 m 110 m

Commercial Program D 271 m 150 m

Commercial Program E 269 m 135 m

Commercial Program F 240 m 132 m

Detailed Simulation Software 300 m 126 m

Predicted Size Average (A) 266 m 124 m

RETScreen GSHP Project Model
Descriptive Data Method (B)

257 m 135 m

Differences (A vs. B) -3% 9%

RETScreen GSHP Project Model
Energy Use Method (C) 

236 m 127 m

Differences (A vs. C) -11% 2%

Monitored Data (D) 344 m 160 m

RETScreen Descriptive Data Method (B) 
Difference (B vs. D)

-25% -16%

RETScreen Energy Use Method (C) 
Difference (C vs. D)

-31% -21%

Program Predicted Size Average (A) 
Difference (A vs. D)

-23% -23%

Table 10:  Predicted and Actual GHX Length for Two Residential Building Cases. 
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 Commercial building case: 

A second paper by Shonder et al. (2000) uses the same approach as for residential building 
cases. In this case, a single building was studied using four sizing software programs and 
a detailed simulation software. The data for the commercial building case – an elementary 
school in Lincoln (NE), USA - are presented in Table 11.

Data Unit Commercial Building
Case #1

Location - Lincoln, NE 

Building fl oor area m2 6,410

# of fl oors - 1

Window area - Standard

Insulation level - Low

Occupancy - Daytime

Internal gains - Light

Heating load kW 523

Peak heating demand kWh 441,000

Cooling load kW 442

Peak cooling demand kWh 267,000

COPh - 3.2

COPc - 4.5

Ks BTU/(h ft °F) 1.3

ρ Cp BTU/(cu ft °F) 43

Table 11:  Data for the Commercial Building Case [Shonder, 2000]. 

The results presented in the paper for the predicted GHX lengths are given in feet of bore-
hole per ton installed heat pump capacity. Table 12 presents the results obtained with the 
RETScreen GSHP Project Model and the 5 GHX sizing software programs studied in the 
paper. The actual installed GHX size (e.g. monitored data) is also shown in Table 12. The re-
sults are given for a one-year design length, neglecting the long-term thermal imbalances.
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1-year design

GHX Sizing Software Program
Lincoln

EWT = 40

Commercial Program A 119 m

Commercial Program B 121 m

Commercial Program C 152 m

Commercial Program D 170 m

Commercial Program E n/a

Commercial Program F n/a

Detailed Simulation Software 143 m

Predicted Size Average (A) 141 m

RETScreen GSHP Project Model
Descriptive Data Method (B)

121 m

Differences (A vs. B) -14%

RETScreen GSHP Project Model
Energy Use Method (C) 

132 m

Differences (A vs. C) -6%

Monitored Data (D) 141 m

RETScreen Descriptive Data Method (B) 
Difference (B vs. D)

-14%

RETScreen Energy Use Method (C) 
Difference (C vs. D)

-6%

Program Predicted Size Average (A) 
Difference (A vs. D)

0%

Table 12:  Predicted and Actual GHX Length for a Commercial Building Case (Bore m/ton Installed Nominal Capacity).

Similar to the validation for residential buildings, the results from the RETScreen GSHP 
Project Model for the commercial building are in good agreement with the average pre-
dicted by the seven GHX sizing software programs. The average differences found in this 
case are 10% for RETScreen and 11% for the commercial software programs. It is also 
interesting to note that the actual installed length is in very good agreement with the 
predicted length. This might indicate that larger systems, which are under stricter design 
procedures, could be better optimised for costs.
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2.11 Summary

In this section the algorithms used by the RETScreen Ground-Source Heat Pump (GSHP) 
Project Model have been shown in detail. As inputs, the model requires weather data, 
building data, and GSHP related data. The modified bin method used allows the estimate 
of building loads. Weather data are used to generate temperature bins and calculate the 
temperature of the ground. Building data are used to calculate heating and cooling load 
vs. temperature relationships and the building’s balance points. Combining weather and 
building data enables the calculation of building loads for each temperature bin. With the 
GSHP related data, it then becomes possible to evaluate the actual heat pump performance 
and capacity for each temperature bin, and finally calculate the yearly performance of the 
GSHP system assessed. A validation of the algorithm shows that the RETScreen GSHP 
Project Model is more than adequate at the preliminary feasibility stage of GSHP system 
project implementation.

Ground-Source Heat Pump Project Analysis Chapter 



GSHP.69

REFERENCES

ARI, Standard for Ground-source Closed-Loop Heat Pump Equipment, ARI 330-93, 
Air-Conditioning & Refrigeration Institute, Arlington, VA 22203, USA, 1993.

ASHRAE, Commercial/Institutional Ground-Source Heat Pump Engineering Manual, 
American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 
1791 Tullie Circle, N.E., Atlanta, GA, USA, 1995.

ASHRAE, Handbook, Fundamentals, American Society of Heating, Refrigerating 
and Air-Conditioning Engineers, Inc., 1791 Tullie Circle, N.E., Atlanta, GA, USA, 1981.

ASHRAE, Handbook, Fundamentals, American Society of Heating, Refrigerating 
and Air-Conditioning Engineers, Inc., 1791 Tullie Circle, N.E., Atlanta, GA, USA, 1985.

ASHRAE, Handbook, Fundamentals, American Society of Heating, Refrigerating 
and Air-Conditioning Engineers, Inc., 1791 Tullie Circle, N.E., Atlanta, GA, USA, 1997.

ASHRAE, Handbook, HVAC Systems and Equipment, American Society of Heating, 
Refrigerating and Air- Conditioning Engineers, Inc., 1791 Tullie Circle, N.E., Atlanta, GA, USA, 
1992. 

Henderson H.I., Implications of Measured Commercial Building Loads on Geothermal 
System Sizing, ASHRAE Transactions 105, SE-99-20-02, 1999.

HOT-2000, HOT-2000, Technical Manual version 6, Buildings Group, Energy Mines 
and Resources Canada, 1991.

Hydro-Québec, Projet ÉVAL-ISO : Rapport fi nal sur le potentiel d’amélioration de l’enveloppe 
thermique des habitations du Québec, Vice-présidence, Effi cacité énergétique, Service 
Conception de programmes - Marché résidentiel, July 1994.

IGSHPA, Closed-Loop/Ground-Source Heat Pump Systems – Installation Guide, International 
Ground-source Heat Pump Association, Oklahoma State University, Stillwater, Oklahoma, 
USA, 1988.

International Summer School on Direct Application of Geothermal Energy, Design of closed-
loop geothermal heat exchangers in the U.S., International Course on Geothermal Heat Pumps, 
Chapter 2.4, edited by Lund, J.W., Geo-Heat Center (GHC), pp 134-146.

Kavanaugh, P.K. and Rafferty, K., Ground-source Heat Pumps – Design of Geothermal Systems 
For Commercial and Institutional Buildings, American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, Inc., 1791 Tullie Circle, N.E., Atlanta, GA, USA, 1997.

Khan, M.H., and Spitler, J.D., Performance analysis of a residential ground source heat pump 
system with antifreeze solution, School of Mechanical and Aerospace Engineering, Oklahoma 
State University, Stillwater, Oklahoma, USA, 10 pp.

Lund, J.W. et al.̧  Geothermal (Ground-Source) Heat Pumps – A World Overview, edited and 
updated version of the article from Renewable Energy World (July-Aug, 2003, Vol. 6, No. 4), 
Geo-Heat Center (GHC) Quarterly Bulletin, Vol. 25, No. 3, ISSN 0276-1084, September 2004, 10 pp.



Ground-Source Heat Pump Project Analysis Chapter 

GSHP.70

McRae, S.G., Practical Pedology: Studying Soils in the Field, Halstead Press, New York, 
NY, USA, 1988.

Means, R.S., Mechanical Cost Data, 21st Annual Edition, R.S. Means Company Inc., 
Kingston MA, 1998.

NASA Langley Research Center, Earth’s Energy Budget, Students’ Cloud Observations 
On-Line Project, asd-www.larc.nasa.gov/SCOOL/budget.gif, 2005.

NRCan, Commercial Earth Energy Systems: A Buyer’s Guide, Natural Resources Canada’s 
Renewable and Electrical Energy Division, ISBN 0-662-32808-6, 
Cat. No. M92-251/2002E, Ottawa, ON, Canada, 99 pages, 2002.

NRCan, Residential Earth Energy Systems: A Buyer’s Guide, Natural Resources Canada’s 
Renewable and Electrical Energy Division, ISBN 0-662-30980-4, Cat. No. M92-236/2001E, 
Ottawa, ON, Canada, 41 pages, 2002.

Peat Marwick Stevenson & Kellogg (PMSK) in association with Marbek Resource Consultants, 
Torrie Smith and Associates, The economically attractive potential for energy effi ciency gains 
in Canada, WATSRF, May 1991.

Shonder, A.S., Hughes, P.J., Baxter, V.D. and Thornton, J.W., A Comparison of Vertical Ground 
Heat Exchanger Design Methods for Residential Applications, ASHRAE Transactions 105, 
SE-99-20-01, 1999.

Shonder, A.S., Hughes, P.J., Baxter, V.D. and Thornton, J.W., A Comparison of Vertical Ground 
Heat Exchanger Design Software for Commercial Applications, ASHRAE Transactions 106, 
DA-00-13-01, 2000.

U.S. Department of Energy (DOE), Geothermal Heat pumps for Medium and Large Buildings, 
Offi ce of Geothermal Technologies, 1000 Independence Avenue, SW Washington, 
DC 20585-0121, USA, DOE/GO-10098-648, September 1998, reprinted April 1999, 4 pp.






