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ABSTRACT

The majority of existing solar communities are based
on heating only. This study presents a model for a
hypothetical solar community with an integrated
cooling system along with a heating system. The
necessity of such a system is based on the geographic
location where cooling and heating are required in the
course of a year, e.g., Southern Ontario Canada. This
work presents a strategy and design for capturing the
rejected heat from thermally driven cooling
equipment, i.e., absorption chillers and directing it to
a low-grade heat borehole thermal storage system in
the cooling season. In the heating season, the stored
heat will be retrieved and directed to the main hightemperature borehole thermal storage system which is
used for storing the solar thermal energy in cooling
and shoulder seasons. This study shows that the
proposed design is a viable solution for heating and
cooling a community with an integrated solar thermal
and borehole thermal storage.

INTRODUCTION

According to the International Energy Agency (IEA)
(2014), the production of heat accounts for more than
50% of global final energy consumption. 75% of
global energy use for heat is from fossil fuel which is
responsible for one-third of CO2 emissions. Solar
heat can significantly contribute to the world
renewable energy need. Using solar heat for cooling
is still at an early stage of development, and can be
used to meet cooling demand in many places.
IEA (2012) technology roadmap for solar heating and
cooling estimated that, by 2050, 16% of final total
final energy use for heating and 17% of total energy
use for cooling will be from the solar source.
For the communities at large scale, when solar
thermal collectors are used, due to the inconsistent
availability of the solar energy, thermal energy
storage is required. Seasonal thermal storage could
balance the thermal energy generation through solar
collectors and the community energy demand. In
large-scale thermal storage project, depending on the
ground formation, Borehole Thermal Storage (BTES)
proved to be technically and economically viable
choice (Fisch et al., 1998. Schmidt et al., 2003.
Nordell et al., 2000). BTES uses the ground directly

as the storage media. The heat transfer process in the
ground from the nearby borehole and the surrounding
ground (Hellstrom, 1991). The losses from the store
are via heat flow in the storage. The store geometry
such as size and shape plus the borehole spacing and
ground formation have a significant effect on the
thermal storage losses. The existence of ground water
flow can substantially increase the heat storage losses
too (van Meurs, 1986).
Based on the thermal storage operating temperature,
BTES are categorized in low-temperature (0-40°C)
and high temperature (40-80°C) (Reuss et al., 1997).
Medium temperature BTES can also be defined in
somewhere between 35°C and 45°C. Thermal energy
is extracted and delivered to the consumer indirectly
by the heat pump from the low-temperature store and
directly by fan coil from high-temperature store.
High-temperature thermal energy input into the
ground can cause substantial temperature gradient
and simultaneous moisture flow in the proximity to
heat exchanger pipes. The total heat transfer is
through conduction into the soil and partly by
conduction created by liquid, air and vapour
movement (Reuss et al., 1997).
The first BTES were built in 1976 in Sweden and
France. In 1982, the only high-temperature large
scale BTES was built in Lulea, Sweden (Nordell et
al., 2000). From 1979 to 2011, a total of 141 solar
heating plants has been built in Europe with more
than 500m2 of solar collectors area or greater than
350 kW thermal capacities (IEA, 2011).
The majority of existing solar communities are for
heating only. Solar cooling has been less of attention.
Henning (2007) reported about seventy solar assisted
cooling systems in Europe. For making a solar
cooling system economically viable other systems
such as space heating or domestic hot water
generating system should be integrated or
supplemented. IEA Task 25 investigated eleven solar
assisted cooling plants in six countries. Two main
problems with most of the plants were control design
and inappropriate commissioning process. More
development
is
expected
with
increased
competitiveness of solar cooling technology in future.

This paper presents a unique design for a solar
heating and cooling plant for a hypothetical
community located in Toronto Canada. The solar
thermal collectors provide 100% of community
heating demand all year around as well as assisting
the absorption chiller in providing cooling for the
community in the summer time. The system has two
sets of BTES with two different storage temperatures.
One set is for storing solar heat and the other for
storing rejected waste heat from the chiller.

that the temperature of the community loop falls
below its set point.

SYSTEM LAYOUT
Figure 1 depicts the system configuration and
equipment. The community hydronic loop operates in
either heating or cooling mode based on the heating
and cooling demands (Figure 2 and Figure 3). In the
heating and cooling season, the short term storage
tank (STST) receives the harvested solar thermal
energy through a solar hydronic loop.
In the cooling season (Figure 3) a high-temperature
BTES receive and store the excess stored heat in the
STST. Part of the stored heat in the STST is
transferred to the chiller hot water loop. A boiler
regulates the temperature of the chiller hot water loop
for the optimum chiller operation. The rejected heat
from the chiller is directed to the medium
temperature BTES. The community fan coils receive
the chilled water from chiller chilled water loop. In
the cooling mode, the high and medium temperature
borehole systems operate independently.

Figure 2 System Schematic in Heating Mode

Figure 3 System Schematic in Cooling Mode

THE COMMUNITY HEATING AND
COOLING LOAD

Figure 1 Overall System Schematic

In the heating mode (Figure 2) the two borehole
systems are connected for the heat extraction. Water
from the STST tank first passes through the mediumtemperature BTES to collect the low-grade heat and
then pass through the high-temperature BTES for the
extraction of higher grade heat. Community fan coils
receive hot water from hot water loop connected to
the STST. The boiler in this loop operates in the case

The selected community comprises a combination of
single and multifamily residential houses located in
Toronto, Ontario. The annual community heating and
cooling load are 2350 GJ and 1181 GJ with the peak
heating and cooling load of 457 kW and 369 kW
respectively. The heating and cooling loads are
calculated by eQuest software (eQuest 2010). The
community heating load is about 10% more than the
annual heating load of the Drake Landing Solar
community (DLSC). DLSC is a similar community
that consists of 52 detached houses located in
Okotoks, Alberta. DLSC is the first large-scale solar
community with BTES in Canada, and it was built in
2006 (Sibbitt et al., 2007).
The houses in the selected community, similar to
DLSC, are built as per R2000 standards (NRCan,
2012) and are equipped with an air handler with a

water-to-air fan coil. The fan coils, depending on the
season, receive either hot or chilled water from a
central energy center through a two-pipe distribution
system.

Figure 4 Community Hourly Heating and Cooling Load

An integrated heating and cooling system are
modeled using TRNSYS 17 software (Klein et al.,
2010). Figure 5 depicts the simplified model layout.
The system contains four hydronic loops that are
connected to the STST, 1) solar loop, 2) hightemperature BTES loop, 3) chiller hot water loop, and
4) community hot water loop. There are also three
other main loops connected to the chiller, 1) hot
water loop to the STST, 2) cooling water loop to the
medium-temperature BTES, and 3) community cold
water loop.
The liquid flow through the solar collectors transfers
the solar heat gain to the solar loop connected the
STST through a heat exchanger. The model receives
the hourly community heating and cooling loads from
the spreadsheets resulting from eQuest community
load calculations.
A boiler is connected to the community hot water
loop to maintain the desired temperature needed for
the fan coils in the community. The same boiler also
serves to maintain the hot water temperature required
by the chillers through the hot water loop.
The selected solar collectors are of a flat-plate type.
The total collector area is 1772 m2, which includes
600 solar collectors in three parallel arrays with 200
panels connected in series. The solar collectors face
south and have a 45° surface inclination.

SYSTEM MAJOR EQUIPMENT AND
METHODOLOGY

Figure 5 TRNSYS Model Schematic

The
high-temperature
BTES
(solar-BTES)
incorporated into the system has 90 boreholes each of
59 m depth. The boreholes are configured in a
circular field with an average 3 m borehole
separation. The cylindrical shape storage that
contains the boreholes has a volume of 34,017 m3
with a coverage of 580 m2 ground surface area. The
nominal HDPE pipe size comprising the U-tube
ground heat exchanger is 32 mm in diameter. The
thermal conductivities of the borehole grout and the
ground comprising the storage volume are 1.5 W/mK
and 2 W/mK respectively.
Figure 6 shows the borehole layout, which consists of
10 circuits connected in parallel to the main header.
Figure 7 depicts each circuit, which consists of nine
boreholes connected in parallel.

produces a more favorable results than the existing
TRNSYS built-in duct-ground-storage (DST) model
(Hellstrom, 1989). However, the simulation running
time in GHEADS is substantially longer.

Figure 7 Solar-BTES, Borehole Field Layout

Figure 6 Solar-BTES, Borehole Piping in a Circuit

The medium-temperature BTES (chiller-BTES) is
installed in a location without having any thermal
interaction with the solar-BTES. The configuration
and other borehole’s characteristics of the chiller
BTES are the same as the solar-BTES, but with a
larger storage volume (i.e. 93,470 m3). The volume is
sized to receive the chiller’s rejected heat for its
optimum operation. The chiller-BTES consists of 80
boreholes each of 150 m depth.
An advanced simulation modeling tool, Ground Heat
Exchanger Analysis Design and Simulation
(GHEADS), developed by Leong et al. (2010, 1990)
is used for the BTES design. GHEADS is a detailed
modeling program for ground heat exchangers and is
flexible in borehole layout design. GHEADS

The STST is a stratified liquid storage tank. The
selected tank model allows for a heat exchanger
within the reservoir and also allows unmatched inlet
and outlet flows. The model type used in TRNSYS is
a vertical tank with two inlet and two outlet streams
and an internal heat exchanger.
Figure 8 shows a simple schematic of the STST. The
selected STST volume is 171 m3 with a height of 4.5
m. The two inlets and outlets of the tank are
connected to the solar and BTES loops respectively.
The maximum flow rates to the reservoir from the
solar and BTES are 90 m3/hr, 40 m3/hr respectively.
The internal heat exchanger is connected to the
community loop with the flow of 20 m3/hr in the
heating season. In the cooling season, the internal
heat exchanger switches its connection to the chiller
hot water loop at the same flow rate.
The internal heat exchanger in the STST has 3.3 m
height. The pipe of the heat exchangers is made of
copper with the outer diameter of 16 mm and thermal
conductivity of 400 W/mK.
Variable flow pumps with dedicated controls are used
for the main hydronic loops, i.e., the solar, solarBTES, chiller-BTES, chiller and community loops.
For transferring the heat harvested from the solar

collectors to the tank, a plate-and-frame heat
exchanger is selected. The maximum flow rate of the
solar loop heat exchanger on the load side (tank) is 90
m3/hr and on the source side (solar collectors) is 60
m3/hr.

Eq.2
Eq.3

1

Where ,
and
are cooling water, hot water
and chilled water temperatures respectively.
The selected chiller rated capacity is 512 kW with the
rated COP of 0.76. Based on the entering hot water
temperature (i.e., 90°C) the nominal capacity of this
chiller is 460 kW. Table 1 shows the characteristic
and performance data for the selected chiller.
Table 1 Chiller Performance Data

Chiller Performance Data
Rated capacity

512

kW

Nominal capacity

460

kW

Rated COP

0.76

Rated hot water inlet temperature
Hot water flow rate

90

°C

57.9

m /h

3

Figure 8 Short Term Storage Tank - Simplified Schematic

Rated cooling water inlet temperature

30

°C

The supplemental heat source selected for the
community heating demand as well as the chiller is a
500 kW natural gas boiler. In the heating season, the
boiler is mostly in operation for the first few years of
the system operation, before the BTESs becomes
fully charged. In the cooling season, the same boiler
is mostly running to maintain the minimum desired
hot water loop temperature for the chiller (i.e. 90°C).
The community thermal load and solar heat are
calculated based on the Canadian Weather Year for
Energy Calculation (CWEC) hourly data for the city
of Toronto.
A supplementary weather data was created and used
as a separate input file for the BTES model. The
BTES model uses extended weather data with climate
parameters such as ground surface albedo, snow
cover depth, snow depth density and rainfall.
The chiller selected is a single stage absorption
chiller type as it can operate in lower hot water
temperature comparing to the double stage absorption
chillers.
The energy balance for the single effect absorption
chiller is calculated from Eq. 1.

Cooling water flow rate

154

m /h

Rated chilled water inlet temperature

12

°C

62.7

m /h

and
are the energy removed from the hot
and added to cold water steam respectively.
Eq.1
is the energy removed from the chilled water
loop, and
accounts for the energy consumed by
various electrical equipment such as solution pumps,
fluid stream pumps and controls.
The chiller COP is defined as shown in Eq. 2 and the
maximum chiller COP can be calculated from Eq.3

Chilled water flow rate
Adjustable chilled water flowrate
Adjustable load
LiBr solution concentration

3

3

50 -120

%

5-115

%

52

%

The overview of the system specifications for the
major components are summarized in Table 2
Table 2 System Major Components Summary

System Specifications Summary
Number of Solar Panels
600
Total Solar Panel Area
Fluid Flow- Solar

2

171

m
kg/hr
3
m

90
59
3

m
m

BTES Volume
Total Borehole Length
Max Fluid Flow-BTES
Chiller (Table 1)
Chiller- BTES
Number of Boreholes
Borehole Depth
Borehole Spacing

34,017
5,310
40,000

m
m
kg/hr

80
150
3

m
m

BTES Volume
Total Borehole Length
Max Fluid Flow-BTES

93,470
12,000
154,000

m
m
kg/hr

Short Term Storage Tank Volume
Solar- BTES
Number of Boreholes
Borehole Depth
Borehole Spacing

1,722
90,000

3

3

SIMULATION RESULTS
Figure 9 depicts the simulation results for the
accumulated chiller energy sources and sinks for five
years. The hot water energy sources are from the
boiler and the stored solar thermal energy. During the
first year, solar thermal energy along with the boiler
energy are used for charging the solar-BTES, and
then after, the stored solar thermal energy will assist
the boiler to supply desired heat to the chiller.
Figure 10 and Table 3 represent the chiller energy
breakdowns for the year one, five, ten, fifteen and
twenty. In year five and beyond, on average, the solar
energy contribution to the chiller hot water source is
18%, and the rest heat is supplied by the boiler.
During the cooling season, the chiller-BTES receives
the chillers’ rejected heat from the chiller cooling
water loop.

year of operation as the ground is not charged, the
two sets of the boreholes are not connected. In the
subsequent years when the STST water temperature
is less than the chiller-BTES return temperature then
the solar-BTES will be bypassed, and the water will
only pass through the solar-BTES. Figure 11 shows
the hourly average temperature for the solar-BTES
and chiller-BTES for twenty years.

Table 3 Annual Chiller Source and Sink Energy
Year
Cooling water energy (GJ)

1

5

10

15

20

1,120

1,120

1,120

1,120

1,120

Chilled water energy (GJ)

2,687

2,701

2,701

2,701

2,701

Hot water energy (GJ)

1,495

1,509

1,509

1,509

1,509

Boiler energy (GJ)

1,737

1,523

1,430

1,388

1,356

8

217

304

341

365

Solar energy used for cooling(GJ)

Figure 10 Chiller Energy - year 1, 5, 10. 15 and 20

Figure 9 Chiller Source and Sink Energy - Five Years

In the cooling season, the chiller-BTES and the solarBTES do not have any thermal interaction, and both
store the high temperature and medium temperature
energy respectively. The chiller-BTES receives 2,701
GJ annual rejected heat from the chillers’ cooling
water loop.
In the heating season, water from STST is circulated
through both chiller-BTES and solar-BTES, to
restore the stored heat from the ground. In the first

Figure 11 Solar and Chiller BTES Average Hourly Ground
Temperature – Twenty Years

In the year twenty, the ground temperature of the
solar-BTES will reach to the maximum of 80.3°C and

minimum 59.6°C and the chiller-BTES will reach to
the maximum of 69.2°C and minimum of 59.3°C.
Table 4 shows the annual maximum and minimum
temperatures of the ground for solar-BTES and
chiller BTES for twenty years recorded in five years
intervals. The ground temperature swing in the year
twenty is about 21°C and 10°C for the solar and the
chiller BTES respectively.
Table 4 Annual Maximum and Minimum Ground
Temperatures
Year
1
5
10
15
20

Solar BTES Temperature °C
Max
Min
delta
57.4
10.0
47.4
74.0
49.0
25.0
77.8
54.8
23.0
79.4
57.9
21.5
80.3
59.6
20.7

Chiller BTES Temperature °C
Max
Min
delta
24.4
34.4
10.0
10.1
58.1
48.0
9.9
64.1
54.2
9.8
67.2
57.4
9.9
69.2
59.3

In the heating mode, in order to transfer the chillerBTES stored energy to the flow stream from STST
before going to the solar-BTES, its store media
temperature should be maintained higher than the
STST supply flow temperature to the chiller-BTES.
Therefore, the chiller-BTES ground temperature after
charging (year three onwards) reaches to as high as
50 to 60°C. This temperature range influences the
chiller’s rejecting heat temperature which is not
favorable to the chiller operation.
In this condition, the nominal capacity of the chiller
drops to the minimum of 370 kW. By setting the
chilled water and hot water temperature to 10°C and
90°C, the maximum COP of the chiller is calculated
to 0.91 (Eq. 3). The simulated seasonal chiller COP
in year five and year fifteen is 0.56 and 0.54
respectively.
The amount of the injected and extracted heat plus
heat loss of the solar-BTES and chiller-BTES are
presented in Table 5.
In the first year of the system operation the injected
heat into the ground for both solar and chiller BTESs,
comparing to the subsequent years, are higher as the
ground is in the process of charging. In this year, the
boiler provides all the heat needed for the chiller hot
water loop when all rejected heat from the chiller
cooling water loop is directed into the ground. In the
first year chiller-BTES also receives heat from the
solar-BTES. In year five and onwards, both BTESs
achieve the designed operation goals. From year five
to year twenty, the average annual heat retrieved from
the solar-BTES and chiller-BTES are 44% and 30%
of the average annual injected heat respectively. The
heat losses from the solar-BTES and chiller-BTES
are 56% and 70% of the average annual injected heat
respectively.

Although the solar-BTES are operating at a higher
temperature, compare to the chiller-BTES, but the
losses from the solar-BTES are less which is the
result of the more efficient operation of the solarBTES. The average efficiencies of the solar-BTES
and chiller-BTES are 44% and 30% respectively.
Table 5 Solar-BTES and Chiller-BTES Annual Energy
Year
Solar‐BTES
Injected (In) heat (GJ)
Extracted heat (Out) (GJ)
heat Loss (GJ)
Chiller‐BTES
Injected heat (In) (GJ)
Extracted heat (Out) (GJ)
heat Loss (GJ)

1

5

10

15

20

5,704
-1,093
1,858

3,486
-1,427
1,873

3,194
-1,353
1,775

3,032
-1,254
1,739

2,936
-1,192
1,718

6,380
0
1,883

3,874
-732
2,736

3,613
-924
2,536

3,525
-985
2,450

3,478
-1,029
2,388

For the year one, five, ten, fifteen and twenty, Figure
12 shows the annual injected and extracted heat plus
the heat losses for the two borehole sets, side by side.
Figure 13 depicts the annual accumulated energy for
major heating related components in five years. The
curves represent 1) community heating load, 2) solar
thermal collectors’ energy generation, 3) solar-BTES
energy injection and extraction, 4) boiler auxiliary
heat, and 5) chiller-BTES energy injection and
extraction.
Figure 14 and Table 6 represents the heating system
energy for twenty years, which is read in five years
interval.

Figure 12 Solar-BTES and Chiller-BTES Annual Energy
Comparison

medium- and a high-temperature borehole thermal
storages were modeled, and it showed that such a
system is technically viability.

Figure 13 Annual System Accumulated Energy, Heating – Five
Years
Table 6 System Energy related to Heating Mode
Year
1
Solar Energy Harvested (GJ)
7,415
Building (Community) Heating Load (GJ) -2,350
Solar-BTES Charge (GJ)
4,611
Chiller-BTES Charge (GJ)
6,380
Boiler Energy Use in Heating Mode (GJ) 3,966

5
4,969
-2,350
2,059
3,143
197

10
4,765
-2,350
1,841
2,689
4

15
20
4,699 4,622
-2,350 -2,350
1,777 1,744
2,540 2,449
0
0

Figure 14 System Energy Comparison Related to Heating
Mode

In the first year of the operation, as the ground is not
charged, the solar energy and boiler energy use are
higher compared to the subsequent years. The BTES
charges are the total amount of stored energy in the
ground at each year-end, which is the difference
between annual heat injected into and extracted from
the ground. From year five to year twenty, the
average year-end charge of the solar-BTES and
chiller-BTES are 1,855 GJ and 2,700 GJ respectively.
After year five, the average annual solar harvested
energy is 4,765 GJ, which is enough to supply all
energy needed to meet the annual heating load. The
boiler load in the year five is 197 GJ that it will reach
to zero in subsequent years. In other words, the solar
fraction (SF) of the community for heating at the end
of the year five is 91% and will reach to the 100% in
the following years.
The solar fraction (SF) of the community for heating
in the first five years plus year ten, fifteen and twenty
are shown in Figure 15.

CONCLUSION
In this study, the integration of a cooling system to
the heating system in a solar community with a

Figure 15 Community Solar Fraction (SF) in Heating Mode

The selected community is a heating dominated
community that has 50% more annual heating
demand than the annual cooling demand. The winter
peak heating load is 19% higher than peak cooling
load.
The simulation results show that the system will
reach a favorable operation in year five and after.
From the year five onwards, in the heating season,
the community operates with 100% of the solar
energy and the stored energy in the two BTES
systems. In the cooling season, the chiller receives
18% of its the required energy from the solar energy
source.

It is also concluded that, from year five, in the
heating season, the total extracted energy from the
two BTESs comprise from 31% the chiller-BTES and
69% from the solar-BTES extracted energy.
Due to the relatively high waste heat amount from the
chillers’ cooling water loop, the size of the chillerBTES designed is relatively large. The chiller-BTES
size is almost three times bigger than the size of the
solar-BTES. The average efficiencies of the solarBTES and chiller-BTES are 44% and 30%
respectively.
In the proposed system, the chiller does not operate
optimally, because of the high chiller rejecting heat
media. In average, the chiller functions on almost
72% of its rated capacity (512 kW vs. 370 kW), and
74% of its rated efficiency (0.76 vs. 0.56).
Based on the availability of more rooftop space for
the solar thermal collectors in the community, the
heat supply to chiller could be designed in a way to
have more contribution from solar heat rather than
the boiler heat.
There are substantial initial system costs associated
with the proposed system comparing to the
conventional boiler-chiller system. However, due to
the relatively small system operation cost, future
study and investigation on the economy of the system
is required.
Finally, in such systems, several major hydronic
loops need electricity for running their associated
pumps. The amount of the electricity required for the
pumps operation should also be considered in the
economics of the system. Integration of solar
photovoltaic (PV) system can offset part or all of the
system electrical demand.
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