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ABSTRACT 
For solar heated buildings, the mismatch between 
supply and demand of heat generally requires short-
term and seasonal thermal storage. District energy 
networks can be used to connect individual buildings 
with thermal storage systems. This paper assesses the 
technical feasibility and the economic viability of this 
type of system with two possible thermal storage 
options. Cost of heat for both options are shown to be 
modest, though higher than for individual natural gas 
furnaces. Depending on carbon taxes optimal solar 
fractions for the system can be determined. Weather 
forecasting has been shown to help to improve 
economic viability of these systems. 

INTRODUCTION 
Building energy consumption makes up a significant 
portion of total energy consumption, and its 
greenhouse gas emissions are an important 
contributor to overall emissions. Various 
technologies can be applied to mitigate building 
energy related emissions, ranging from improved 
insulation and high efficiency condensing furnaces to 
use of renewable energy such as solar and biomass 
heating. 
Solar heating is a promising option, but a drawback 
of solar heating is the mismatch between summer 
supply and winter demand. Consequently, if solar 
heat is to supply a significant portion of building 
heat, thermal storage is a requirement. Small short-
term storage systems can be located inside buildings, 
but in order to achieve high solar fractions in an 
economic way, large seasonal storage systems are 
required (such as aquifer or borehole thermal energy 
storage systems). These can be located individually 
next to buildings, but they are generally more 
economical if connected to a group of buildings. 
The role of thermal storage, connected to buildings 
by district energy systems, in increasing solar heating 
as a fraction of total heating in buildings has been 
studied in this paper. District energy systems are 
networks of buried piping supplying heat or cold, 
usually in the form of hot or chilled water or steam, 
to individual buildings. 
A number of research/feasibility studies into solar 
heated systems coupled with seasonal and/or short-

term storage have been published previously (e.g. 
Nordell & Hellström, 2000; Pahud, 2000; Sillman, 
1981 and Ucar & Inalli, 2005). They differ in the 
exact system layout and operation (e.g. Ucar & Inalli, 
2005 include a heat pump and Nordell & Hellström, 
2000 do not include a separate short-term storage) 
and in the locations used in their simulations. All of 
them include a technical and economic analysis, but 
their focus is on the technical part. They use 
relatively coarse economic models, often only 
looking at capital cost estimates and only costing 
collectors and heat storage systems. 
What sets the research work presented here apart is 
that two different setups are compared. One setup is 
equipped with centrally located solar collectors and 
central short-term and seasonal thermal storage. This 
setup is largely comparable with the setup Pahud 
(2000) considers. The second setup uses solar 
collectors installed on individual buildings and short- 
term hot water tanks inside the buildings, in turn 
connected to a central seasonal thermal energy 
storage. Of the above mentioned sources only Pahud 
(2000) mentions weather forecasting but does not 
include it in his modelling. Within the framework of 
this project weather forecasting has been modelled 
and the benefits are shown. 
Furthermore, contrary to these sources, the current 
study includes a detailed economic model, costing all 
individual system components and annual operational 
cost including possible carbon taxes with up to date 
cost information based on systems actually built. 
This economic model is directly linked with the 
technical model allowing direct economic 
optimization. The cost of heat is calculated for the 
whole system, including peak heat costs, to provide 
building designers and owners with a more complete 
picture of the costs of selecting certain solar 
fractions. The sources mentioned above focus on cost 
for the solar part of the heating systems only. 
A number of scenarios/design options have been 
studied. In addition to a base case scenario, the 
effects of high natural gas price escalation are shown. 
The consequences of supplying space heating only, 
instead of space heating and domestic hot water 
(DHW), and the consequences of having homes with 
above average insulation are also shown. 
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SYSTEM DESCRIPTION 
The first system setup studied involves centrally 
located solar collectors, central short-term thermal 
storage (STTS) tanks and a central seasonal thermal 
storage. This setup was studied by Pahud (2000) and 
has been used in various solar heated systems, 
including the Drake Landing Solar Community 
(DLSC) in Okotoks, Canada. 
The setup is illustrated in Figure 1 as ‘Setup 1’. The 
solar collectors supply heat to the energy centre, 
where STTS tanks, boilers, heat exchangers and 
pumps are located. Initially the heat is stored in the 
STTS tanks. The energy centre in turn supplies heat 
to the individual buildings (heat consumers) in the 
form of hot water through buried distribution pipes. 
If the heat demand from buildings is smaller than the 
supply of solar heat, heat is transferred to the 
seasonal thermal storage, which buffers heat from 
spring and summer for use in fall and winter. This 
storage could take the form of hot water in an aquifer 
or heated soil around a vertical system of boreholes. 
If the STTS tanks cool down too far, heat is 
transferred from the seasonal storage to the STTS 
tanks. If this is still insufficient to meet building heat 
demand, the energy centre’s natural gas boilers start 
up to make up the difference. 
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Figure 1 Diagram of energy flows 
 

The STTS tanks generally operate at a higher 
temperature than the seasonal storage. Separate STTS 
tanks (from the seasonal heat storage) are used in this 
setup for two reasons: (1) to allow charging of the 
seasonal storage over 24-hour periods instead of 
instantaneously (which would result in very large in-
ground heat exchangers); and (2) to prevent 
degrading the exergy within the hot water if it can be 
used in the near future. Storage of the energy in 
underground seasonal storage systems always results 
in increased losses compared to short-term storage 
and in a lower temperature of the recovered energy, 
and thus a loss of exergy. It is interesting to note that 
both Sillman (1981) and Pahud (2000) also studied 
setups with separate short-term and seasonal storage 

systems. As in the current study, Pahud (2000) uses a 
short-term tank generally at a higher temperature 
than the seasonal storage. Sillman (1981), however, 
keeps the short-term tank at a lower temperature than 
the seasonal storage to minimize solar collector 
losses. 
The second setup uses solar collectors installed on 
individual buildings where the solar heat is directly 
supplied to the buildings (Figure 1, ‘Setup 2’). The 
heat is initially stored in individual short-term storage 
tanks within buildings, which supply comfort heat 
and domestic hot water on demand. To cope with 
seasonal variations, the buildings are still connected 
with an energy centre and a seasonal thermal storage. 
In this setup, the energy centre contains no separate 
STTS tanks. Another important difference with Setup 
1 is that this setup requires two-way heat transport 
between the energy centre and buildings. Heat 
consumers do not just consume heat, but also 
produce it. Consequently, a smart grid is required for 
this setup. 
Both setups have advantages and drawbacks. Setup 1 
with central collectors and central short-term storage 
minimizes required modifications and thus 
installation cost in the individual buildings. Also, it 
benefits from large equipment sizes and thus 
economies of scale. Setup 2 with distributed 
collectors and short-term storage generates heat 
directly where it is required and is thus likely to have 
reduced heat transport and reduced energy and 
exergy losses compared to Setup 1. 

DESCRIPTION OF MODELING 
Both setups are simulated in the form of a one-
thousand home community. While homes are being 
simulated, it could be argued that a combination of 
ten to several dozen homes could constitute a larger 
building. It would not significantly change the 
conclusions of the analysis. A relatively large 
community size is selected as larger communities 
benefit from economies of scale and are thus more 
likely to be economically viable. 
The community consists of detached homes, laid out 
in a rectangular grid. Streets run in an east-west 
direction to maximize solar radiation yield on the 
collectors. The energy centre is located centrally to 
minimize required buried pipe lengths. 
The climate of Ottawa, Canada, was chosen to 
demonstrate the concepts. It has a good solar regime 
and cold winters, resulting in a reasonable heating 
load. To include the effects of the variability of the 
energy demand with time-of-day and the seasons, 
statistical average hourly ambient temperatures were 
used. Similarly, the solar radiation for a statistical 
average year was used to determine the energy input 
into the solar collectors. The tilt of the solar 
collectors was taken equal to the latitude (45.45°N). 
Both setups provide heat for space heating and 
domestic hot water in the base case scenario. The 
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heat transfer 
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Setup 2 
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peak space heating load was set to 8.0 kW, a 
representative value for a new detached home in the 
Ottawa area. It was assumed that the community 
requires the maximum thermal load when the outdoor 
temperature reaches -28°C, the Ottawa design 
temperature. Similarly, it was assumed that at the 
ambient temperature of 20°C, the load is nil. The 
modelling is set up so that between these ambient 
temperatures, the load varies linearly. The resulting 
annual thermal load for space heating per home was 
75.2 GJ. Domestic hot water use follows a normal 
household pattern, with an average draw of 200 litres 
per day, which translates into 13.6 GJ heat demand 
per year. Space heating is supplied by air handlers 
with water to air heating coils and heat recovery 
ventilators. Domestic hot water is supplied by plate 
type water to water heat exchangers. The peak 
domestic hot water draw for one house was set at 
0.30 l/s and the diversity factor was estimated at 
0.25, in line with Woods et al. (1999). 
 

Table 1 
Main technical assumptions base case 

 

Peak heating load 8.0 kW 
Annual space heating load 75.2 GJ 
Annual domestic hot water load 13.6 GJ 
Peak DHW consumption per home 0.30 l/s 
Solar collector supply temperature 80°C 
Combined electric motor and pump 
efficiency 

70% 

Fractional heat loss buried supply pipes 10% 
Boiler seasonal efficiency 85% 
 

The solar collectors are assumed to be of the flat-
plate glazed type. Their efficiency is a function of 
incident solar flux (G), collector inlet temperature 
(Ti) and ambient temperature (Ta) as per the 
following equation (taken from Sibbitt et al., 2007): 

aicollector TT
G
835.3693.0  (1) 

A constant collector exit temperature of 80°C was 
assumed and the required flow through the collectors 
was calculated to transport the supplied heat to the 
short-term storage tanks. 
All heat transport in the systems takes place in the 
form of heated water (or a propylene glycol solution 
in case of the collectors). The sizes of the buried 
water pipes were optimized for the total load. That is, 
near the energy centre their diameter is larger than 
near the end of any line. For buried piping 
preinsulated steel or PEX pipes were used. Existing 
standardized pipe sizes were used. Maximum flow 
velocities were set at 3.0 m/s for steel pipes and 2.0 
m/s for PEX pipes (Logstor, 2011). A pressure drop 
analysis was used to determine the required pump 
power capacities and power consumption. The 
electrical energy required was included in the 
modeling. The electric motor driving the pumps and 

the pumps themselves were estimated to have a 70% 
combined efficiency. 
Short-term and seasonal thermal storage systems 
were modelled as large cylindrical water tanks. 
Short-term tanks were assumed to be stratified, 
consisting of three temperature zones of equal 
volume. During each hour of the year, water is 
supplied to or taken from the appropriate zones and 
the temperature at the end of the hour is calculated by 
mixing these additions with the water still present at 
the end of the hour. The seasonal storage is modelled 
as a cylindrical tank with three concentric zones. The 
middle zone was set at 1.5 times the volume of the 
core tank and the outer zone at 2.5 times the core 
tank volume to achieve a realistic temperature 
distribution. 
Heat losses from buried heat supply pipes were 
accounted for in the form of a typical fractional heat 
loss lowering the supply temperature. Based on 
Sibbitt et al. (2007) the fractional heat loss was set at 
10%, both for pipes connecting solar collectors to the 
energy centre (only used in Setup 1) and for pipes 
connecting the energy centre to the homes. Heat 
losses in the seasonal storage were calculated 
assuming reasonable insulation around the water 
tank. 

Control strategy 
The control strategy for both setups was designed to 
maximize the heat storage capacity of the short-term 
storage tanks, to lower heat transport to the seasonal 
storage to reduce heat degradation, and to minimize 
pipe diameters and pumping power consumption. 
Heat transport from the short-term storage to the 
seasonal storage only takes place if the temperature 
of the warmest short-term tank section is sufficiently 
higher than the temperature of the warmest seasonal 
storage section (corrected for heat losses). This 
control rule stands hierarchically above the following 
rules. If the short-term storage top temperature 
exceeds a set point 1 (which depends on the season), 
hot water is pumped to the seasonal storage at a 
preset rate. If solar input continues to be higher than 
the immediate loads, the temperature in the reservoir 
will continue to climb. If temperatures reach higher 
set points for all three zones the flow of hot water to 
the seasonal storage will increase to prevent the 
water in the reservoir from getting too warm. Water 
will also be pumped from the short-term storage to 
the seasonal storage if the bottom part of the local 
storage becomes too high to prevent excessive flows 
through and higher losses in the solar collectors (see 
equation 1). The preset rate referred to above is 
adjusted during simulations to minimize distribution 
pipe diameters. 
Similar to the warmer seasons, during the heating 
season heat is only transferred from the seasonal 
storage to the short-term storage if the seasonal 
storage top temperature is sufficiently higher than the 
highest short-term storage temperature. When loads 
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are higher than solar input, the short-term storage 
temperature will decrease. When this temperature is 
exceeded by a set point (which is again season 
dependent), warm water from the seasonal storage is 
pumped to the local storage at a preset rate. If the 
load is higher than this flow can supply, the reservoir 
temperature will drop further and a second set point 
will be met. At that point the flow of water will 
increase to maintain the reservoir temperature at the 
second set point. To minimize distribution pipe 
diameters, the preset rate is again iterated until the 
flow required to maintain the short-term temperature 
at the second set point is equal to the preset rate. 
A difference between both setups is the location of 
the natural gas boilers. In Setup 1, boilers are located 
between the short-term storage and the homes while 
in Setup 2 they are located between the seasonal 
storage and short-term storage. In both setups the 
boilers are started if the temperature of water passing 
the boiler falls below a set point. In Setup 1 this 
happens if the short-term storage top temperature 
becomes too low. An advantage of this boiler 
location is that maintaining a sufficiently high natural 
gas set point temperature automatically guarantees 
that the temperature of the water reaching the homes 
is sufficiently high to avoid Legionella issues. In 
Setup 2 the boilers will start up if there is a draw 
from the seasonal storage and the seasonal storage 
temperature has fallen below a certain level (perhaps 
towards the end of the heating season). In Setup 2 the 
short-term storage top temperature is the temperature 
at which the domestic hot water heater is supplied. 
To avoid Legionella issues, this temperature is 
maintained at or above 56°C. 
These control strategies were slightly modified for 
cases that included weather forecasting. The changes 
applied only to the situation where heat transport 
takes place from the short-term to the seasonal 
storage. The short-term storage warmest and coldest 
temperatures triggering heat transport to the seasonal 
storage still apply. However, the gradual charging of 
the seasonal storage by the short-term storage at 
preset rates as described above is disallowed if the 
expected net heat demand over the next 48 hours is 
high enough to justify the expectation that the heat 
can be used in the homes. The expected net heat 
demand was calculated from the climate file that was 
used for the actual calculations. In other words, the 
assumption was made that we have perfect foresight, 
which means we are looking at a best case scenario. 

Economic modelling 
To assess economic viability of these systems, both 
the capital cost and annual operating cost have been 
estimated. All cost numbers shown are in Canadian 
Dollars. To determine capital cost the purchased-
equipment cost of the main equipment items are 
calculated first, based on estimates available in the 
literature. They are scaled to the appropriate size 
using equipment specific scale factors. Subsequently, 

the installed cost per system section is estimated by 
adding representative cost for labour, piping, etc. 
Finally, cost for engineering, supervision and 
commissioning; as well as contingency, both 
assumed at 10% of installed cost (see Table 2), are 
added to find the total capital cost. 
 

Table 2 
Main economic assumptions base case 

 

Engineering, supervision & commissioning 
as fraction of installed cost 

10.0% 

Contingency as fraction of installed cost 10.0% 
Natural gas price at start of operation $0.022/kWh 
Annual real natural gas price escalation 2.0% 
Electricity price at start of operation $0.075/kWh 
Annual real electricity price escalation 2.0% 
Real discount rate 4.0% 
Annual O&M expenses as fraction of 
initial capital cost 

0.5% 

Cost of heat individual natural gas furnace $0.058/kWh 
 

Operating cost were calculated as the sum of natural 
gas cost, electricity cost, cost for greenhouse gas 
emissions (in the remainder called carbon taxes 
although they could be charged through a cap-and-
trade system too) and cost for operation and 
maintenance (O&M), which include all other cost. 
Assumptions for natural gas and electricity cost are 
shown in Table 2. Electricity costs move up with 
carbon taxes as per the average greenhouse gas 
emission intensity for electricity generation in 
Canada. The lifetime for most equipment used was 
assumed to be 40 years. The main exceptions are 
pumps; air handlers; and water tanks and heat 
exchangers installed in buildings. These are assumed 
to have a 20 year lifespan. 
The main outputs of the analysis are total capital cost 
for the subdivision and per home and the cost of heat 
in $/kWh. The latter number is calculated using a 
cash flow analysis for the project lifetime of 40 
years, assuming public ownership of the system and a 
real discount rate (i.e. corrected for inflation) of 
4.0%. The cost of heat was found as the per kWh 
revenue required to equate the project net present 
value to zero. Cost of heat include all additional cost 
relative to an empty house with air handlers, air 
ducting and hot water pipes installed. 
The simulation is a static calculation and numerical 
integration is performed using hourly time steps. A 
full-scale optimization of all variables involved was 
beyond the scope of the project. Therefore, initially 
parameter variations of the main input variables were 
performed to reach a reasonable base case. For 
subsequent simulation cases other solar collector 
areas were chosen to vary solar fraction, and the sizes 
of the short-term and seasonal storage systems were 
optimized for each solar collector area to minimize 
cost of heat. Other variables (e.g. control strategy) 
were kept unchanged compared to the base case. 
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RESULTS AND DISCUSSION 
Base case scenario 
The first simulation runs were done for the base case 
scenario. Optimizations were performed for a number 
of carbon taxes, $0/tCO2eq, the current regime in 
most of Canada; $30/tCO2eq, a modest tax often 
considered in the early stages of carbon mitigation 
policy; and $100/tCO2eq and $200/tCO2eq, both values 
that could materialize if aggressive carbon mitigation 
targets are pursued. The resulting cost of heat for 
Setup 1 are shown in Figure 2. Individual natural gas 
furnaces are also shown as a reference case at 0% 
solar fraction. 
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Figure 2 Results Setup 1, Base Case 
 

It is clear that cost of heat for individual natural gas 
furnaces is quite a bit lower than for the solar heated 
system, for all carbon taxes. For the solar heated 
system, increasing the solar fraction leads to 
increases in cost of heat. This is especially true for 
low carbon tax scenarios. If carbon taxes reach high 
values, systems with larger solar fractions experience 
a smaller cost increase with solar fraction because the 
carbon emissions mitigated have a higher value. For 
the $200/tCO2eq scenario there is even an optimum 
around 20% solar fraction. Going to lower solar 
fractions would increase natural gas consumption 
sufficiently to increase the overall cost of heat. 
An increasing cost of heat with solar fraction is in 
line with literature sources such as Sillman (1981) 
and Nordell (2000) who both find flat or slightly 
decreasing cost per kWh solar heat with solar 
fractions upwards of 40%. This is because the cost of 
heat in this paper is defined per kWh total heat 
demand, therefore including the peak heat source, 
which makes up the balance of heat production. A 
flat cost of heat per kWh solar heat and a constant 
cost of heat per kWh peak heat translates into a 
straight line, whose slope is determined by the cost of 
heat per kWh solar heat relative to the cost of heat 
per kWh peak heat. As the cost of heat per kWh solar 
heat is higher here than the cost of heat per kWh peak 
heat, the line slopes upwards. As shown in Figure 2, 
the relationship between cost of heat and solar 
fraction is linear for solar fractions in the range 20% 

to 60%. The slope decreases for higher carbon taxes, 
where cost of heat of the peak heat increases. 
An interesting difference with Sillman (1981) is that 
he finds that for lower solar fractions a system 
without seasonal storage (but still with short-term 
storage) is optimal, while we find that a small 
seasonal storage (allowing a somewhat reduced solar 
collector area) still leads to cost advantages over a 
system without seasonal storage. This discrepancy is 
likely due to our relative cost for solar collectors over 
seasonal storage being higher than Sillman’s. 
Alternatively, Sillman’s efficiency estimates for 
small seasonal storage systems may be lower. 
Figure 3 shows the cost of heat as a function of the 
solar fraction for the Setup 2 base case scenario. Like 
for Setup 1, the cost of heat increases with solar 
fraction, close to linear over a large part of the solar 
fraction range. Overall, the cost of heat is slightly 
higher than for Setup 1, although the difference is 
small. A difference with Setup 1 results is that the 
costs increase somewhat stronger with decreasing 
solar fraction for low solar fractions. Consequently, 
optimums are more pronounced. They were found for 
carbon taxes as low as $30/tCO2eq. Higher carbon 
taxes clearly indicate higher optimum solar fractions. 
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Figure 3 Results Setup 2, Base Case 
 

The differences between both setups are further 
analyzed in Tables 3 and 4. Both tables show results 
for the entire subdivision for the base case with 30 
m2 solar collector area per home (58% solar fraction). 
As short-term storage volume is cheaper per m3 for 
large central tanks than for distributed tanks, Table 3 
shows that the economic optimum for Setup 1 has a 
significantly higher short-term storage volume per 
home. The seasonal storage cost per m3 is the same 
for both setups. In the optimum case, Setup 2 uses 
more seasonal storage volume, partly to compensate 
for the smaller short-term storage volume. 
Partly due to the requirement that for Setup 2 the 
short-term storage tank top temperature needs to be 
sufficiently high to prevent domestic hot water 
contamination, both top and bottom temperatures in 
the short-term storage are higher for Setup 2. The 
core temperature for the seasonal storage also works 
out somewhat higher for Setup 2. Partly as a 
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consequence of the higher short-term storage bottom 
temperature, the annual net solar collector output is 
somewhat lower for Setup 2 than for Setup 1. Annual 
heat flows to and from the seasonal storage are larger 
for Setup 2. Due to the higher temperatures in the 
storage systems and larger seasonal storage size, heat 
losses in the seasonal storage work out higher for 
Setup 2. The buried pipe heat losses for Setup 2 are 
only marginally smaller, although Setup 2 only 
suffers from heat losses between the homes and the 
energy centre, while Setup 1 also incurs heat losses 
between the collectors and the energy centre. The 
larger heat flows between the homes and energy 
centre translate into relatively large pipe flows. The 
maximum hourly flow is 418.5 kg and the total 
annual flow 862 tons (589 tons to transfer heat from 
the short-term to the seasonal storage and 273 tons to 
transfer heat the other way around). In Setup 1 the 
piping between the energy centre and the homes 
serves to directly supply heat for space heating and 
domestic hot water. The maximum hourly flow 
works out to 279.3 kg, but due to the spiky nature of 
domestic hot water demand the instantaneous peak 
flow per home works out to around 507 kg/h, which 
is somewhat higher than for Setup 2. The total annual 
flow works out to 582 tons, which is substantially 
lower than for Setup 2. 
 

Table 3 
Comparison optimized points Setup 1 and Setup 2 

base case 30 m2 solar collector area 
 

PROPERTY SETUP 1 SETUP 2 
Short-term storage volume 4,500 m3 3,300 m3 
Seasonal storage equiv. 
volume 

154,335 m3 214,160 m3 

Average short-term storage 
top temperature 

59.8°C 64.0°C 

Average short-term storage 
bottom temperature 

44.1°C 45.9°C 

Average seasonal storage core 
temperature 

55.3°C 55.9°C 

Annual solar collector output 62.7 GJ 60.9 GJ 
Annual gross natural gas input 42.8 GJ 45.4 GJ 
Annual heat from seasonal 
storage 

11.0 GJ 13.2 GJ 

Annual heat to seasonal 
storage 

17.2 GJ 21.9 GJ 

Heat losses seasonal storage 6.2 GJ 8.8 GJ 
Heat loss buried piping 15.3 GJ 13.2 GJ 
Maximum hourly flow per 
home distribution piping 

279.3 kg 418.5 kg 

Cumulative annual flow 
distribution piping 

581,642 kg 861,916 kg 

 

Table 4 compares capital cost for these same cases. 
Installed cost for solar collectors account for around 
a third of total installed cost for both setups. 
Installation of solar collectors is expected somewhat 
cheaper on homes (Setup 2) than in a location 
specifically set up for the collectors. Buried piping 

directly from the collectors to the energy centre is 
only present in Setup 1, but is not a major cost. The 
energy centre represents around 20% of installed cost 
for Setup 1 versus 8% for Setup 2, the difference 
mainly caused by the absence of short-term storage 
in Setup 2. Piping from the energy centre to the 
homes represents around 17% for both setups. It 
works out somewhat cheaper for Setup 2 because the 
domestic hot water peaks do not pass through the 
buried pipes. Cost for equipment inside the homes is 
significantly more expensive for Setup 2 with the 
short-term tank and pumps installed in the homes. 
The seasonal storage is responsible for 9% of 
installed cost for Setup 1 and 11% for Setup 2. Total 
capital cost per home work out to $38,944 for Setup 
2 and $39,448 for Setup 1. 
 

Table 4 
Overview capital cost Setup 1 and Setup 2 base case 

30 m2 solar collector area 
 

SYSTEM SECTION SETUP 1 SETUP 2 
Solar collectors $10,782,825 $9,242,421 
Piping collectors to energy 
centre 

$199,805 $0 

Energy centre $6,313,161 $2,469,859 
Piping energy centre to 
homes 

$5,974,803 $5,538,720 

Equipment in homes $6,725,425 $11,621,402 
Piping energy centre to 
seasonal storage 

$58,100 $81,100 

Seasonal storage $2,819,504 $3,500,044 
Total installed cost: $32,873,623 $32,453,546 
   
Engineering, supervision & 
commissioning 

$3,287,362 $3,245,355 

Contingency $3,287,362 $3,245,355 
Total capital cost: $39,448,347 $38,944,256 
 

In line with capital cost, annual O&M expenses were 
estimated at $197,242 for Setup 1 and $194,721 for 
Setup 2. Total electricity consumption for the 1000 
home community works out to 307.0 MWh and 
natural gas consumption works out to 11.9 GWh for 
Setup 1. The corresponding numbers for Setup 2 are 
somewhat higher with 525.1 MWh and 12.6 GWh. 
This leads to a total annual expense (excluding 
carbon taxes) of $482,418 in Year 1 for Setup 1. 
Total annual expenses for Setup 2 work out to 
$512,588 in Year 1. Consequently, capital cost are 
somewhat lower for Setup 2, but the higher annual 
expenses still result in higher energy cost for Setup 2. 

High natural gas price escalation scenario 
Figure 4 shows the cost of heat as function of solar 
fraction for a scenario with strong natural gas price 
increases, 5% real (i.e. correction inflated) escalation 
per year, for Setup 1. Compared with Figure 2 it is 
clear that cost of heat for individual natural gas 
furnaces and for all solar heated systems move up 
significantly. Furnaces still work out significantly 

Proceedings of Building Simulation 2011: 
12th Conference of International Building Performance Simulation Association, Sydney, 14-16 November. 

- 143 -



cheaper than solar heated options, even for high 
carbon taxes. Increased natural gas prices and thus 
cost per kWh peak heat results in flatter curves across 
the board than for the base case scenario. It is 
interesting to note that an optimum appears for a 
$100/tCO2eq carbon tax and that the optimum solar 
fraction for the $200/tCO2eq carbon tax shifts to a 
higher solar fraction. The effects of higher natural 
gas price escalation for Setup 2 were similar. 
 

Cost of heat Setup 1, 5% real natural gas price escalation
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Figure 4 Results Setup 1, high natural gas price 
escalation 

 

Space heating only and improved insulation cases 
If the system only supplies space heating and no 
domestic hot water the results become as shown in 
Figure 5 for Setup 1. Compared to the base case, the 
cost of heat moves up for all solar fractions under all 
carbon tax scenarios. This is the result of the quantity 
of heat delivered decreasing due to the absence of 
domestic hot water heating, but the capital cost 
decreasing less strongly. The optimum found in the 
$200/tCO2eq carbon tax line is no longer present. 
Increasing cost of heat per kWh compared to the base 
case does not necessarily mean that this is a bad idea, 
because the total amount of heat supplied by the 
system also decreases. If an inexpensive domestic hot 
water option is used, the total annual heating cost 
may still come down compared to the base case. For 
Setup 2 the trends are similar with the optimums 
moving to lower solar fractions. 
Similar runs were done for homes with above 
average insulation according to the Canadian R-2000 
standard (see Natural Resources Canada, 2005). This 
means a decrease of 30% in space heating demand. 
For both setups cost of heat went up to levels similar 
to those for the space heating only case for lower 
solar fractions. For Setup 2, the same trend was 
visible for higher solar fractions too. For Setup 1, 
however, cost of heat only slightly increased 
compared to the base case numbers for higher solar 
fractions (around 80% solar fraction). Similar to the 
remark made for the space heating only case, 
although cost of heat per kWh increases compared to 
the base case, the total annual heating expense still 
decreases as the required number of kWh decreases, 
more than offsetting the increase in cost per kWh. 

Consequently, increased cost of heat per kWh does 
not necessarily mean that investing in R-2000 
upgrades is not worthwhile. 
 

Cost of heat Setup 1, Space heating only
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Figure 5 Results Setup 1, space heating only case 
 

Weather forecasting scenario 
Results for the system with weather forecasting 
included in the control strategy are shown in Figure 6 
for Setup 2. Setup 2 results are shown here as this 
setup garnered the stronger benefits of the two. 
 

Cost of heat Setup 2, Base Case and Weather forecasting
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Figure 6 Results Setup 2, weather forecasting case 
 

Including weather forecasting in the control strategy 
is shown to lead to a decrease in cost of heat, albeit a 
modest one and mainly for high solar fractions. For 
the 45 m2 collector area per home case (solar fraction 
80.3%), the annual heat flow to the seasonal storage 
and the annual natural gas consumption decreased by 
4.3%. Pumping power in the circuit connecting both 
storage systems decreased by as much as 5.7%. For 
Setup 1 the corresponding decrease in the annual heat 
flow to the seasonal storage worked out to 4.4%, but 
annual natural gas consumption only decreased by 
1.2%. Pumping power in the circuit connecting both 
storage systems decreased by around 3.7%. 
Therefore, the benefits of weather forecasting within 
the control strategy result from reduced pumping to 
and from the seasonal storage and homes and from 
reduced heat losses in storage. 
The above analyses have clearly shown that cost for 
solar heated systems with high solar fractions are not 
out of line with other heating options, but at this 
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moment not competitive with individual natural gas 
furnaces. As such, they are expected to appeal to a 
significant niche market for people who want to have 
a cleaner and greener home heating system. An 
interesting question in this respect is how much an 
owner (or government) needs to pay more up front to 
have similar annual expenses as for individual natural 
gas furnaces. 
 

Table 5 
Upfront expense required for cost of heat parity with 

individual natural gas furnace 
 

Carbon tax ($/tCO2eq) $0 $30 $100 
45 m2 collector area 
(75.9% solar fraction) 

$36,073 $34,170 $29,730 

30 m2 collector area 
(57.8% solar fraction) 

$27,400 $26,019 $22,795 

15 m2 collector area 
(33.6% solar fraction) 

$20,162 $19,488 $17,915 

7.5 m2 collector area 
(18.7% solar fraction) 

$16,275 $16,033 $15,469 

5.0 m2 collector area 
(13.2% solar fraction) 

$15,325 $15,248 $15,070 

 

Table 5 shows these cost for Setup 1. As expected, 
higher carbon taxes mean a smaller gap between the 
solar heated systems and natural gas furnaces. For a 
system with 75.9% solar fraction an owner pays an 
excess of $36,000 over a furnace if no carbon taxes at 
all were introduced and a little over $34,000 if a 
modest carbon tax of $30/tCO2eq is enacted. For a 
smaller solar heated system with 13.2% solar fraction 
these cost are a little over $15,000. 

CONCLUSIONS 
From the above it has become clear that solar heated 
systems can supply heating to buildings at a 
reasonable cost, especially considering the fact that 
this is a largely renewable technology for which 
people are often prepared to pay a premium. Purely 
in terms of cost, solar systems can not compete with 
individual natural gas furnaces (at least not in this 
location), not even if carbon taxes reach high levels. 
For sufficiently high carbon taxes there are optimum 
solar fractions which minimize the cost of heat. 
The two setups studied work out to a similar cost of 
heat, with a slight advantage for Setup 1 with central 
collectors and central short-term storage. Economic 
viability for the systems in terms of cost per kWh 
output worsens if domestic hot water is not included 
in the system or if houses are better insulated. 
However, total annual cost paid for heat may still 
improve if insulation and an alternative way of 
domestic hot water heating are sufficiently 
inexpensive. Weather forecasting has been shown to 
have the ability to lead to important reductions in 
natural gas and electricity consumption, especially 
with distributed collectors and short-term storage. 
In general, it has been shown that simulation 
techniques can help achieve solar heated building 

designs in which capital and operational cost savings 
can be achieved. Best results can be obtained by 
careful consideration of the implementation of short-
term and seasonal thermal storage systems; by 
making the thermal distribution grid ‘smart’; and by 
factoring weather forecasting into the control 
strategy. 

NOMENCLATURE 
G Incident Solar Flux (W/m2); 
Ta  Ambient temperature (°C); 
Ti  Collector inlet temperature (°C); 

collector Collector efficiency (-). 
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