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Optimal use of solar collectors for residential buildings
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SUMMARY

Solar radiation is an abundant free resource which may be used in the form of solar heated water. This is
achieved in solar collectors which, unfortunately, are expensive devices and, further, the warm water must be
stored in accumulators—items which also cost money. This paper shows how we have optimized the
situation for a block-of-flats in Sweden. In order to find this point we have used the minimum life-cycle cost
(LCC) concept as a criterion. The best solution is therefore found when that cost finds its lowest value. It is
also examined under which conditions solar collectors are part of the optimal solution and further it is
calculated what happens if this optimal point is abandoned, i.e. how much will the LCC increase if other
than optimal solutions are chosen. LCC optimization for multi-family buildings almost always results in
a heating system with low operating costs such as district heating or dual-fuel systems where a heat pump
takes care of the base load and an oil boiler the peak. The installation cost must, however, be kept to
a reasonable level. Expensive solar panel systems are therefore normally avoided if the lowest LCC shall be
reached, at least for Swedish conditions. This is so even if the solar system has a very low operating cost. For
buildings where the only alternative energy source is electricity, solar collectors seem to be on the rim of
profitability, i.e. for an energy price of about 0.6 SEK kWh ™. Copyright © 2001 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Solar collectors used for domestic hot water, and space heating are not very common in Sweden
but have found widespread use in other countries, see e.g. Abdul-Jabbar (1999) and Dincer (1999)
for some recent studies. This is partly the result of our cold climate but also the fact that other
energy sources with reasonable costs are available, e.g. in the form of district heating produced
in combined heat and power (CHP) plants. Solar applications have a high installation cost
compared to the output in useful kWh and will normally be unprofitable compared to the
alternative solutions. In this paper we have used the concept life-cycle cost (LCC) as a criterion for
optimization, ie. the best solution is achieved when the LCC for the studied building finds its
lowest value. Hence, if solar collectors are found unprofitable the LCC, with solar collectors
included, has been calculated to a higher value than was the case if they were abandoned. There
are also other methods described in literature, see e.g. Lunde (1982) where the LCC concept has
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been simplified in order to gain popularity. The calculations are many times computerized in the
form of programs and the program used here is called the OPERA model, see Gustafsson and
Karlsson (1989) for a detailed description. The program was written in Fortran 77 and therefore it
runs under almost all operative systems with only small modifications. (In this study an ordinary
PC was used equipped with both DOS and LINUX.)

The OPERA model is designed for finding optimal retrofit measures for existing buildings.
Multi-family blocks of flats were emphasized but single-family houses or industrial buildings can
be analysed as well. An existing building is presented to the computer model in the form of an
input data file containing about 200 values describing energy tariffs, U-values of the climate
shield, the costs for the building measures and so forth. It is not possible to describe the building
in all detail in a paper of this length but a short presentation is necessary. More details are also
presented in due course.

2. THE STUDIED BUILDING

The building consists of 14 apartments and it is originally sited in Malmo, Sweden, about 600 km
south of Stockholm. The thermal shape of the building is presented in Table I.

It must be noted here that Table I does not show the real conditions in the building. It is partly
an academic product and the thermal shape is, therefore, better in reality. This is so because no
retrofits will ‘show up’ if the real values were used for e.g. the external wall. This academic
building has been studied in a number of papers, see e.g. Gustafsson (1998), and hence it is
practical to use it for scientific evaluation of LCC optimization.

Heat is also used for ventilation and it is assumed that 0.6 renewals per hour of the building air
volume is valid. (The Swedish building code sets a value of 0.5.) The area of the apartments are
814 m? and 2.8 m between floor and roof. The ventilation rate will, therefore, be 1367.5m>h 1.
The density of air is 1.18 kgm ™2 while the heat capacity is 1.005kJ kg™ ' K™, see Holman
(1997, p. 646). The heat amount ventilated to the outside each hour will, therefore, become
1621.7kJK " *h™! or 4504 WK !. Adding the losses from the thermal shield results in
2053 W K ~ 1. The model uses monthly mean average temperatures for the last 30 years as climate
input data and the year is, therefore, split into 12 segments. Degree hours are generated, whenever
the desired indoor temperature is higher than the outdoor temperature. In Malmo, the average
outdoor temperature for January is — 0.5°C while it is assumed that 21°C is used indoors. Hence,
15996 degree hours are generated in that month and the energy demand will become 32 839 kWh,

Table I. Thermal conditions of the considered climate shield.

Building asset Area (m?) U-value U x A-value
(Wm~2K™Y) (WK™

Attic floor 273 0.8 218.4
Floor 273 0.5 136.5
External wall 616 12 739.2
Windows east 75.6 35 264.6
Windows west 69.6 3.5 243.6
Total 1602.3

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Energy Res. 2001; 25:993-1004



OPTIMAL USE OF SOLAR COLLECTORS 995

see Table II. (The values in Table II are fetched from the computer program and small differences
therefore occur.)

The demand for domestic hot water heating was assumed to be 3.5 MWh for each month. Free
energy from persons and appliances have been calculated to 4.2 MWh each month while solar
radiation through the windows has been calculated to 1.2 MWh for this first month of the year.
For January, all the free heat can be used and it adds up to 5.4 MWh. Hence, the boiler must
provide 31.02 MWh. In this first calculation no solar collectors are thought to be installed and,
subsequently, all values in Table II are zero.

During summer there is no need for extra space heating by using the boiler. Free
energy covers the demand. The boiler must, however, be used for domestic hot water
heating which results in 3.5 MWh each month. The question is now if a solar heating system
will result in a lower LCC compared to the original situation. Should such a system be
designed for covering only the domestic hot water demand or is it optimal to add extra
solar collectors for space heating purposes as well? In order to solve this problem, it is
necessary to find out how much heat a solar collector could collect. Sweden is a very
long and narrow country where conditions differ a lot between the north and the south.
In the north of Sweden the sun is up 24 h a day during some summer months. This might
result in a lot of heat from a solar collector. The climate, however, is cold which results
in a high demand, and further the sun will not show up at all during the winter. This
paper therefore deals with two cases, one for the north of Sweden, Kiruna, and one for Malmo in
the south.

3. SOLAR COLLECTOR CALCULATIONS

We have used a computer program written in C for Windows 95 in order to calculate how much
heat is possible to be utilized from a solar collector. The position of the sun is calculated for each
hour during one year. Further, data for clear, half clear and overcast days are used in order to find
monthly mean values for the available heat. The locations on the earth surface is for Malmg,
longitude 13.1°E, latitude 55.2°N and for Kiruna, 20.3°E, 67.5°N, i.e. even north of the polar
circle. The tilt angle between the solar collector and the earth has been varied between 0 and 90°.
When the angle is zero the collector is located flat on the ground while it is vertical when the angle
is 90°. The collector was faced exactly to the south. For a detailed description of the solar
calculations, see Gustafsson (1990). The performance of the collector is strongly dependent on the
temperature inside the collector, see Duffie and Beckman (1991, p. 251) or Perers (1993). Here
60°C is used which is normally used for domestic hot water in Sweden. The overall U-value of the
collector has been set to 5.0 Wm ™~ °C~*. A method found in Duffie and Beckman (1991, p. 281) is
used for the solar collector output. The collector contributes only if the absorbed solar radiation
exceeds the thermal losses from the warm collector. In Figures 1 and 2 it is shown how available
energy from each square meter varies depending on the tilt angle and month of the year for the
site Malmo.

The maximum monthly value, 49.7 kWhm ™2 is for July and a tilt angle of 30°. Adding values
also for the other months, however, show that an optimal solar collector should be tilted about
45° resulting in 292 kWhm ™2 for 1 yr.

If the building was located in Kiruna, i.e. close to the arctic circle, the following would apply,
see Figures 3 and 4.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Energy Res. 2001; 25:993-1004



S-I. GUSTAFSSON

996

[43%:3% 8eIvCl ILy LT 9IS YL ¥00 0§ 000¢Y 609 60 800711 [el0L
CLl 0Sy T 6£0S 00L L9y 00S€ 066SC 9eT ¥l 4!
09¢ 18981 (438" Sovl L9y 00S€ €IE 1T 6S 11 9
000¢ 9816 $9801 869¢ L9TY 00S€ 16591 2006 01
0089 0 8Tv €l 0¥69 L9TY 00S€ 8766 00vS 6
098 0 78¢6 0186 L9TY 00S¢ 788¢ 661¢ 8
0Tc6 0 8698 0911 L9Ty 00S¢€ 861¢ LT8C L
0926 0 ey il 08811 L9TY 00S€ EV6L 0zey 9
0Tc6 0 6LT LY 924181 L9Ty 00S¢€ 6L9¢1 OvvL S
0865 (285 SYC8l1 8608 L9y 00S€ 96861 00801 14
(/487 €SS 91 LSLET 0LYS L9y 00s¢€ 1189¢C [4:194! £
8ET1 L68TC €S9L 81ET L9Ty 00S€ 0s0LT EILYI [4
(4414 09T LT 059¢ 180T L9Ty 00S€ 0Tv 6C 966 ST !
wsuer) simoy
sjoued IB[OS  IO[I0Q WOI ] 21j ZInN Je9y IB[OS A319u9 201 19)em J0H A310ug 22133 ‘ou YIUON

"$)JoIIaI S pajuswo[dur 9IoM SIOJOS[[0D TB[OS PUB SMOpUIM paze[3-o[din) a1oym ased © 10§ oueleq AS1euq ‘[I] 9[qeL

0 LSTYLY €81 201 96LC8 00 0S 000¢Y Ovv €T 80011 [e10L
0 SE9LT 9744 8LL L9TY 00S€ 690 6 9ET ¥ 4]
0 02912 8TLS 1961 L9Ty 005€ LEBET 6511 1
0 IvLET 9LT8 601¥ L9T¥ 005€ (451! 2006 01
0 00s€¢ YOT 11 CILL L9T¥ 00S€ ¥OT 11 00%S 6
0 00s€ 6LS9 006 0T L9T¥ 00S€ 6LS9 661¢ 8
0 00s¢ v18S £e6 ¢l L9Ty 00S€ P18¢ LT8T L
0 00s¢ £888 00z eT L9T¥ 00S€ £888 0zey 9
0 00s€ 66CST LILTT L9T¥ 005€ 66TS1 ovvL S
0 8rS TlI SOt €l 8668 L9T¥ 00s€ 60CTC 00807 14
0 SYTeET S¥col 8L09 L9T¥ 00s€ L86 6T [4:194! £
0 0869C 9LLY 609¢ L9T¥ 00s€ ¥ST0¢E EILYI 4
0 LTOTE 89¢S 10z1 L9T¥ 00s€ £68T¢ 966651 I
wsueI) sInoy
sjoued Ie[0§  I9[I0Q WIOI] 2913 ZImN 189y JIB[OS AS1o0u0 2211  19)em JOH A310ug 22132 "ou YIUON

‘UOpaMS ‘QUITRJAl UI PajIs SUIp[Ing 19} Ay} 10§ YA Y Ul eoue[eq A31oug 'I] 9[qeL

Int. J. Energy Res. 2001; 25:993-1004

Copyright © 2001 John Wiley & Sons, Ltd.



OPTIMAL USE OF SOLAR COLLECTORS 997

e
Month [No.) o Titt angle [Deg.]

Month [No.)

Figure 2. Solar collector output in Malmé where a tilt angle of 90° is shown in the front.
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Figure 3. Solar collector output for Kiruna where a tilt angle of 0° is shown in the front.
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Figure 4. Solar collector output for Kiruna where a tilt angle of 90° is shown in the front.

The maximum value for 1 month, 29.7 kWhm ™2 s for July and for a tilt angle of 45°. Optimum
performance from the solar collector calculated for 1 yr, 140 kWhm ™2, was found for a tilt angle
of about 53°.

4. THE SOLAR HEATED BUILDING

In Table II, it is shown that the heat demand for the studied building is about 3.5 MWh in
summer. If all of this must be covered by the use of solar collectors, approximately 70 m* must be
used for Malmo conditions while approximately twice this area is necessary in Kiruna. If,
however, an even larger area is implemented more heat can be produced but some of this solar
collector heat cannot be used during summer. In Table III, the conditions are shown for a solar
collector area of 200 m? which is the approximate available area on the roof of the building.

The table is a result from the OPERA model. Triple-glazed windows were optimal in the original
case but solar collectors were too expensive to take part. Therefore, in order to ascertain that the
collectors were included in the optimal solution, a very low collector price has been applied, about
1 SEK m 2 collector area (1 US $ equals 9 SEK). Because of the better window status, triple glazing
- is introduced instead of double-paned windows, the amount of transferred heat through the climate
shield is not exactly the same in Tables II and III. Note also that the amount of solar heat
transferred through the windows is decreased because of this extra glass pane.

An example might elucidate the situation further. For July there is a demand of 5198 kWh for
space heating and 3500 kWh for domestic hot water heating. Free energy which could be used for
space heating adds up to 4167 from the appliances and 11 640 kWh from solar radiation through
the windows. However, only 5198 are needed and the rest is of no value. The 3500 kWh for hot
water heating is achieved from the solar collectors and subsequently 8698 kWh is utilized. The
available amount, however, adds up to 25027 kWh. If a still larger solar collector would be
implemented this extra heat must be useless, at least during July. Therefore, if a solar collector of
a certain size is found to be included in the optimal solution it is not necessary that the same
will happen for a larger or smaller area of collectors. The situation is presented more in detail in
Table IV, where the implemented area of solar collectors are changed while the rest of the input
data are the same.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Energy Res. 2001; 25:993-1004
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Table IV. LCC for the building and boiler demand when solar
collector area is varied.

Area LCC From boiler From solar collectors
(m?) (MSEK) (MWh) (MWh)
10 1.19 154.0 29
50 1.14 142.4 14.6
100 1.10 1319 29.1
200 1.07 124.1 58.3
300 1.04 116.4 87.5
400 1.02 109.6 116.6
500 1.00 104.9 145.8
1000 0.93 84.3 291.6

The available output from the collectors is doubled for a doubled square area but the demand
from the boiler is not decreased to the same amount as the available heat is increased. This is also
evident on the total LCC which becomes lower for an increased collector area but not to the same
rate as available energy increases. This phenomenon is also present when other retrofits are
considered. If one retrofit is supposed to save A kWh and the other B kWh, the combination of
the retrofits will not save A + B kWh but slightly less. This is so because the heating season gets
shorter.

5. THE SOLAR COLLECTOR COST

The cost for implementing solar collectors in a building has been split into two parts. One part for
the actual collectors and one part for the hot water accumulator. The reason for doing so is due to
the present value calculations, which are numerous in LCC optimization. The accumulator is
supposed to have a long service life and it is not replaced during the studied number of years. The
collectors on the other hand are thought to be replaced every 20 years and this cost emerges year
0, year 20 and year number 40. A salvage value is of course withdrawn when the period of 50 years
is reached, vide infra. The accumulator is always needed because the solar energy must be stored
from sunny days, to nights and cloudy days. Hot water is, however, not the only medium for solar
heat storage purposes. Concrete, ceramics and salt could also be used but mostly for larger
applications, see Tamme et al. (1991). The thermal size of the accumulator is of vital importance
for the overall performance of the solar energy system, see Duffie and Beckman (1991, p. 382) but
in this study we have modelled the cost for the accumulator as a value in SEK m ™~ 2 collector area.
In order to calculate the present value cost, used in LCC, further data are needed. One example of
the conditions is the assumed life in years for the collector but also the actual cost for the collector
and costs for the installation must be considered. In the OPERA-model the costs and other solar
collector input data are presented as found in Table V.

When equipment such as a boiler or a solar collector is installed there are a number of things
that must be achieved first. For instance, the old boiler must be demolished and carried to the
scrap yard. Such costs are not dependent on the thermal size of the new equipment but are
nonetheless important because they might make the whole installation unprofitable. These costs
are presented as C; in Table V. The actual output dependent collector cost, however, is shown

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Energy Res. 2001; 25:993-1004
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Table V. Assumed costs and input data for solar equipment in
the OPERA-model.

Life of collectors 20 yr

Life of accumulator 50 yr
Collector installation cost, type C; 0 SEK
Collector installation cost, type C, 2000 SEK m ™2
Accumulator installation cost, type C; 0 SEK
Accumulator installation cost, type C, 1000 SEK m 2

in C,. Even if the C; cost is zero in this example, because of lack of input data for solar collector
installation costs, it is important that the model are able to deal with such a cost structure.

Present value, PV, calculations are common elements in life-cycle costing. First, an interest rate
must be set, here 5 per cent is used, and a project life assumed, here 50 years. For a 200 m? solar
collector implementation the following costs apply, note that a salvation value is withdrawn from
PV,..

PV,. = 2000 x 200 x [1 + 1.05729 41,0540 — 4% 1.057%°T + 1000 x 200 = 790 kSEK

When the values in Table V are used in the OPERA model, solar collectors are no longer a part of
the optimal solution. If collectors are profitable or not depend on a number of input data, e.g. the
interest rate and, of course of the price for the collectors. In order to examine this a so-called
sensitivity analysis is performed. For a start, the cost is set to a level where solar collectors are
optimal to install. Therefore, the accumulator cost has been set to zero and the collector cost to
500 SEK m ™2 which result in solar collectors at least for some combinations of data. The
collector area has after this been varied from 10 to 300 m? while the interest rate has been varied
between 2 and 10 per cent. The resulting LCC and collector status are shown in Figure 5.

If the interest rate is high, i.e. 10 per cent, about 50 m? is optimal. If a low rate is applicable, say
2 per cent, the area should be about three times larger. Similar graphs can be drawn for a number
of cases where input data are varied. However, it is important to notice that the optimal solar
collector area depends on a number of other parameters than the actual cost. For a number of
such cases solar collectors will not be a part of the best solution.

For northern Sweden the installation cost must be still lower if solar collectors are going to be
optimal to install. In Table VI an energy balance for the building, now academically located in
Kiruna, is presented (compare with Table II). No retrofits have yet been implemented. It is
obvious that much more heat is used and space heating is needed for all months except for July.
The boiler must provide 314 MWh each year while Table II shows 174 MWh for the same
building sited in Malmo. In order to include solar collectors in the optimal solution, the OPERA
program has been run several times with different solar collector data. This resulted in a solar
collector cost of about 250 SEK m ™~ 2 and about 150 m? seems to be the optimal total area. If the
cost is higher solar equipment is abandoned.

An energy balance for the former case is presented in Table VII. Table VI shows the situation,
where no energy saving measures are implemented while Table VII shows the building where
optimal retrofits are added. Note that the.demand of heat from the boiler is more than halved in
Table VIL This is so because extra insulation was found optimal on both the attic floor and the
external walls. Weather stripping as well as triple-glazed windows were other measures which
were found optimal to implement.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Energy Res. 2001; 25:993-1004
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LCC [MSEK]

Figure 5. Sensitivity analysis of variations in solar collector area and interest rate.

6. PEAK HEATING SOURCES

In the cases above, solar energy competed with heat from natural gas or district heating which
have assumed running costs of about 0.25 SEK kWh™'. Such heating systems are not always
available. Multi-family buildings in Sweden are often heated by firing oil in a boiler or sometimes
even electricity is used. Such systems have considerable higher operating costs and, hence, solar
collectors might be favourable. It is, however, difficult to examine the resulting LCC from such
high running cost systems by using the OPERA-model. This is so because the program always
chooses the cheapest way to achieve the desired indoor temperature. In order to examine the total
LCC of the building if heating systems with high operating costs are installed, a small C-program
has been designed where it is possible to change input data and see the resulting LCC. The
situation is not optimized which makes it possible to implement for example an oil-fired boiler
even if it results in a very high LCC. For a start we used the costs in Table V and an assumed high
oil price of 2 SEKkWh™! just in order to achieve that collectors were part of the optimal
solution.

Solar collectors, about 100 m?, were therefore found optimal and the resulting LCC was
calculated to 7.79 MSEK, compare with the LCC in Table IV. If no solar collector was
implemented a LCC of 8.54 MSEK was present, i.e. higher. For an oil price of 0.5 SEK kWh ™! it
is cheaper to avoid solar panels, the LCC was 2.549 MSEK while a collector area of 10 m? did
result in a LCC of 2.555 MSEK. About 50 m” yield the lowest LCC for an oil price of
0.6 SEK kWh ™!, see Figure 6. With the prices valid in Sweden today solar collectors seem to be
profitable for an energy price of about 0.6 SEK kWh ™. Note that the LCC only slowly increases
if the solar collector area is increased. If the proprietor decides to implement solar heating it is
therefore better to use a larger area if input data are uncertain. The question is now if such prices
are applicable and, hence, solar collectors of interest.

The proprietors of multi-family buildings normally have several options when it comes to the
design of the heating system and, therefore, such expensive heat sources as electricity is

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Energy Res. 2001; 25:993-1004
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Oil price [SEK/AWh)
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Figure 6. Life-cycle cost in MSEK for a varying energy price and solar panel area.

abandoned. OPERA, therefore, rejects solutions where electricity is used in resistance heating
boilers. Heat pumps run on electricity might however be of interest. The running cost is decreased
by this type of heating system which in turn results in that solar collectors will no longer be part of
an optimal retrofit strategy. In Sweden and Norway there is, however, a large building stock
with single-family houses heated with electricity and many larger electricity heated buildings
as well.

Further, these buildings usually are not located in denser parts of the cities and district heating
is because of this not available. Oil or wood-fired boilers cannot be used because there are no
chimney, etc. Electricity is, therefore, the only option. With the deregulated electricity market
nowadays, it is not easy to predict the electricity price and because of this to know if solar
collectors apply in our block of flats. We have, therefore, used a real electricity tariff from yet
another Swedish town, Norrkdping 1999. For somewhat larger buildings where more than
10 MWh are used, the tariff in Table VIII is applied.

The prices include electricity taxes and VAT. If 100 A is not enough a demand tariff is used
instead, see Table IX, which shows the fees for using the grid.

It is also necessary to buy the actual electricity from the market and the costs were 0.616 and
0.416 SEK kWh ™" for winter working days and other times, respectively. That is if the prices
applied by the municipality owned market company are used. Because of such high running cost,
the OPERA program tries to decrease the use of electricity by e.g. adding extra insulation on the
external walls. For the original building where no retrofits were implemented Table IX must be
used, but when OPERA had optimized the situation this changed. The tariff in Table VIII was
now applicable because the necessary current was as low as about 60 A due to several such
retrofits which significantly decreased the demand. Solar panels were, however, not competitive
even for this high-energy cost. The normalized electricity price, i.e. the total cost for electricity
divided by the amount of kWh was calculated to be 0.65 SEK kWh ™! and solar collectors, with
prices according to Table V, emerged as optimal devices when this average price was
0.75 SEK kWh ™. They are, therefore, not optimal to install today but if energy tariffs increase or
if solar collectors could be achieved to somewhat lower prices these devices will be of interest for
many house owners in Sweden.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Energy Res. 2001; 25:993-1004
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Table VIII. Electricity tariff T17 for Norrkdping 1999.

Working days during November-March, 06-22, 0.77 SEKkWh™!
Other time 0.52 SEK kWh™!
Subscription fee for a fuse size of 100 A, 3-phase, 400 V 10937 SEK yr !

Table IX. Electricity demand tariff for Norrkoping 1999.

Subscription fee, fixed 3750 SEK yr !
Demand fee 281.25SEKkW 'yr~!
Energy fee, November-March, 06-22, 0.075 SEK kWh ™!
Other times 0.0625 SEK kWh™!

7. CONCLUSIONS

Solar collectors seem to be unprofitable for use in Swedish multi-family buildings, at least with
the prices and conditions applicable today. This depends partly on the cheap alternative heat
sources which are available, e.g. district heating or sometimes even natural gas. For the south of
Sweden the cost for solar collectors must be reduced by about 75 per cent if they are going to take
part in an optimal retrofit strategy while still cheaper collectors must be used in the north of the
country. There are, however, sites where neither district heating nor natural gas are available. If
the alternative heat sources are oil-fired boilers or electricity heating, solar collectors might be
profitable if they are reduced in price with about 25 per cent. Single-family, and smaller multi-
family buildings in Sweden, on the other hand, are many times heated with electricity and they are
very expensive to convert to other heating systems. With the tariffs used today solar collectors are
therefore on the rim to become profitable energy conservation measures.
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