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Abstrat

In Sweden, as in many other ountries, there is a signi�ant di�erene

in eletriity demand between day and night. In order to enourage the

end use onsumer to use less eletriity during peak situations, time-of-

use tari�s gets more ommon. The prie di�ers from about 0.8 to 0.35

SEK/kWh, taxation inluded. ( 1ECU equals about 7 SEK.) If some of the

eletriity under the high prie period, whih falls between 0600 to 2200

during November to Marh, ould be transferred to the low prie hours,

the eletriity bill ould be redued. In Sweden it is ommon to use ele-

triity for spae and hot water heating at least in single-family houses. By

use of a hot water aumulator the need for heat ould be produed during

the heap hours and the storage ould be disharged when the high prie

hours our. This paper desribes the eletriity use for hot water and

spae heating in a single-family house sited in Linköping, Sweden, where

extensive monitoring have been utilized during 1987. Some 30 values for

temperatures and eletriity demands have been measured eah hour, or

sometimes even for shorter time intervals. These monitored data have

been the base for examining if a water aumulator ould be of interest

for the proprietor of the building, i.e. if the ost for the aumulator is

less than the money saved by the redued eletriity ost.

INTRODUCTION

In Sweden the eletriity is produed mainly by use of hydro and nulear power

stations. The marginal ost for produing one more unit of eletriity is thus

very low, often lower than 0.1 SEK/kWh. However, during peak onditions these

power stations annot produe as muh eletriity as is needed and ondense

power stations �red with oil or oal, and sometimes even gas turbines, must be

used as well. This means that the marginal ost during peak load will inrease

substantially. See referene [1℄ for more details about marginal ost priing

of eletriity and heat. In order to re�et this marginal ost to the end use

onsumer, time-of-use rates get more ommon. The idea is that this will make

the onsumer aware of the real prie for produing eletriity and at the same

time enourage to save eletriity when there is a need for it. Many small

buildings in Sweden are today heated by use of eletriity. If the proprietor

of the building ould redue the demand during peak hours there would be a

signi�ant soietal bene�t. Less power stations would be needed and a heaper
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eletriity grid ould be used. There are many possibilities in order to ahieve

suh a behavior, e.g. more thoroughly insulated buildings, using heat pumps

for heating, utilizing free heat from applianes et. One other means is to store

heat in the building, for example inreasing the indoor temperature during the

late hours of the night. The eletrial radiators will thus not be in use for

some morning hours. When ordinary tari�s are used, i.e. not time-of-use, the

opposite behavior is ommon, i.e. the owner of the house dereases the indoor

temperature during the night, whih make all radiators turn on at the same

time in the morning when heat is requested. This will therefore aggravate the

peak load problem. If the building is provided with hot water radiators another

solution might be of interest, viz. using a hot water aumulator where water

is heated mainly during low prie hours. The storage is then disharged during

the eletriity peak. However, it might not be possible, or pro�table, to use a

storage large enough to totally avoid the high prie hours. In this paper we will

examine the situation in more detail.

THE EXAMINED BUILDING AND THE HEAT-

ING SYSTEM

The building examined is sited in Linköping, Sweden, about 200 km south of

Stokholm. It is thoroughly insulated with a total transmission oe�ient of

approximately 60 W/K. Further, heat is reovered from the exhaust air system

by use of a heat exhanger. There are only two ordinary radiators in the building

and heat is instead distributed by use of the ventilation air. The radiators have

a total demand of 450 W while the eletrial heater in the ventilation system

has a demand of 4000 W. Further, there is an eletrial preheater, of 1200 W, in

order to prevent ie problems in the heat exhanger, and a domesti hot water

heater of 3000 W. The total apartment area of the building is 126 m

2
. The

heating system is shown shematially in Figure 1.

Figure 1: Shemati view of the heating system

Cold outside air is �rst passing the preheater, or defroster. If the tempera-
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ture is very low, below -7

◦
C, the devie will warm the air in order to prevent

ondensation and ie problems in the heat exhanger. The air after this passes

through the heat exhanger where the warm air from the building will heat the

old air stream. If the desired indoor temperature, 20

◦
C, annot be provided

the heater in the ventilation system turns on. The two radiators are loated

in the bath and shower rooms beause most people want a higher temperature

there. In order to enlighten the situation the �rst hours of the monitoring period

will be desribed.

The �rst hour registered, i.e. 1987-01-01 1500, showed that the outdoor tem-

perature was - 10.2

◦
C. This temperature was measured on a speial spot outside

the building. Very lose to the defroster the temperature was 9.6

◦
C whih is

almost the same as the monitored outside temperature and the di�erene an be

negleted. The air stream passes the defroster and the temperature inreased to

-4.0

◦
C. The devie was thus working during the hour of onern. The defroster

has a demand of 1200 W but it has not been turned on for the whole hour. This

is shown by a pulse meter whih has registered 6 pulses. The monitoring system

sanned the probe 12 times during eah hour, i.e. eah �ve minutes, whih im-

plies that the defroster was working at least these 6 moments. Assuming that

the devie was working during the whole �ve minute interval shows that the

eletriity used adds up to 600 Wh.

After this, the air passes the heat exhanger and the temperature monitored

was + 24.7

◦
C. The inrease was thus 28.9

◦
C. Measurements of the tempera-

tures for the air led out of the building showed however, that a muh smaller

temperature interval was observed, 20.0

◦
C. If the air �ow from the inside of

the building to the outside is equal to the �ow in the opposite diretion suh

values annot our. The energy passed from the heating air must be equal or

less than the energy passed to the heated air stream. A plausible reason for

this disrepany is the fat that the measuring probe was loated very lose to a

irulating air stream internal to the house. This irulating air is thus assumed

to have a�eted the temperatures measured after the heat exhanger.

The air passes a fan and is then led into the eletrial heating devie. The

measurements show that there was use for extra heat and the air stream was

heated to 57.0

◦
C. An eletriity meter was speially onneted to this devie

and 1.667 kWh was registered during the hour of onern. The hot water heater

used 1 kWh while the meter for the eletri radiators monitored only 0.02 kWh.

USING AN ACCUMULATOR

If a hot water aumulator is to be used it should be able to store some heat

during the low prie hours of the night, and disharge the heat during the high

prie hours. It is therefore neessary to examine how muh heat it is possible to

store in say one m

3
of water. The water annot be too hot beause it will boil

at 100

◦
C and therefore 90

◦
C seems to be an upper limit. On the other hand,

the water annot be too old beause it must be able to provide heat to the air

of approximately 50

◦
C. The span in temperature is therefore about 40 degrees.

The heat apaity for water varies with the temperature, but 4.19 kJ/kg×K

seems to be a fair approximation, see referene [2℄. The density of water varies as

well with the temperature but 970 kg/m

3
is likewise an approximate value. This

will imply that water will ontain about 4064 kJ/m

3
×K or 1.128 kWh/m

3
×K.
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Using the temperature span above shows that one m

3
will store about 45 kWh.

THERMAL DEMAND

It is also important to examine how the thermal demand varies due to time, see

Figure 2 where the demand is shown for the heat exhanger and the defroster

during January 1987.

Figure 2: Heat exhanger and defroster demand, January 1987

It is shown that the minimum demand is about 200 W, exept for one value

where some error ourred. This minimum level shows the demand for the fans

installed in the heat exhanger. The highest demand, about 1.1 kW shows an

hour where the defroster has been turned on for almost the whole interval. The

eletriity used for the fans annot be avoided by use of hot water so the demand

for the fans must be exluded from the values shown in Figure 2. Note that

hour no. 0 is the value registered between 1500 and 1600, 1987-01-01. The total

energy use for the devie was 326 kWh and if the fans are exluded the use in

the defroster was about 180 kWh.

The eletrial heater demand for the same period of time is shown in Figure 3.

From the �gure it is obvious that it is a higher degree of variation in the

demand ompared to the defroster. It is also obvious that the heater was in

use almost during all hours in the month. The maximum demand is about 4.3

kW whih is more than the manufaturer spei�ed. The total energy use in the

heater is 1 372 kWh.

It is also interesting to examine the outdoor temperatures during the month.

Figure 4 depits the situation and it is obvious that the temperatures are very

low if they are ompared to the 30-year average value for Deember whih is
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Figure 3: Eletriity heater demand in January 1987

± 0.0

◦
C. The lowest temperature observed is - 24.1

◦
C in January 10 at 0700

A.M.

The domesti hot water heater is also suitable for utilizing heat from the hot

water aumulator. The demand in January is shown in Figure 5.

The resolution for the demand is here 1 kWh whih yields a somewhat strange

graph. It is however, obvious that the maximum demand is 2 kW but this has

only ourred one during the month. Most times the demand is 1 or 0 kW.

The heater has a power of 3.0 kW but this maximum was never used during

January 1987. For this month 300 kWh was used.

STORING AND DISCHARGING HEAT

In order to �nd out if a hot water aumulator is pro�table the eletriity

use must be studied in loser detail. Assume we start the proess with an

aumulator of one m

3
, and therefore with 45 kWh stored. The eletriity

rate in Linköping does not inlude a time-of use tari�. Instead a tari� used

in Gothenburg has been tested her. The rate has high prie hours, i.e. 0.796

SEK/kWh, from 0600 to 2200 during working days under November to Marh.

All the other days, and hours, have the prie 0.34 SEK/kWh. The harging

proess in the aumulator therefore starts at 2200 while it ends at 0600 when

the disharge begins. During the �rst day, i.e. 1987-01-02 the use of heat is

shown in Table 1.

Table 1 shows the use of eletriity from 6 A.M. when the storage starts to

disharge its ontents of heat. The storage ontained 45 kWh and, as is shown

in the olumn for the umulative eletriity use, the storage still is not totally

disharged at 2200 when the time has ome for harging again. Still there is

7.24 kWh present and for this partiular day the heat storage was too large.
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Figure 4: Outdoor temperature in Linköping, Sweden, January 1987

Other days, however, the storage will be totally disharged. Important is also

the fat that the storage must be harged during the 8 heap hours for working

days but has a muh longer period of time to harge under the weekends. The

thermal power of the harging devie is therefore of interest. We have developed

a program whih reads the data �le of the thermal demand in the house and

alulates the eletriity ost for di�erent sizes of storage and thermal power.

One month, i.e. January 1987 is examined and the result is shown in Table 2.

Without any storage at all the eletriity ost is 1 028 SEK. For a very small

thermal power the storage annot be harged properly during working days.

The minimum eletriity ost for the 2.5 kW storage is found for the largest

examined storage of 120 kWh.

The devie is only fully stored on Monday mornings at 0600 and the storage

is disharged during the rest of the week. Eah working day that follows will

disharge the storage and it will ontain less heat even if harging ours, see

Table 3. The storage therefore works on a more ore less weekly, instead of a

daily basis whih was intended.

If a more powerful harging devie is hosen, see Table 2 for 5 kW, the ost

for eletriity is the same for very small aumulators. This is so beause there

is enough time to harge the small storage even with low power. When the

aumulator size is inreased, i.e. larger than 30 kW, the ost for eletriity will

be lower if 5 kW is used for harging instead of 2.5 kW. It is also important

to note that the eletriity ost has a minimum at a ertain point. When the

thermal size is 90, or 100 kWh, the ost is 674 SEK while the ost for 120

kWh will inrease to 681 SEK. The di�erene is very small but the prinipal is

important. Still the storage annot be fully harged for all working days, this

happens 11 times during the onsidered month, and for the situation examined

it is also now operating more or less on a weekly basis. When the thermal size

of the harging devie is inreased to 7.5 kW the optimal size of the storage will
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Figure 5: Domesti hot water demand, January 1987

beome about 60 kWh, yielding a ost of 671 SEK. Now the harging power is so

large that the storage is fully harged every night. Important to note however,

is that the weekly disharging proess still is in some e�et, or at least heat is

stored from one day to the other. This is emphasized in Table 4.

A further inrease of the thermal harging power is of no use, see Table 2,

power 10 kW, whih yield the same eletriity osts as were found for 7.5 kW.

This is natural beause the storage is fully harged eah night for the 7.5 kW

devie. The storage will of ourse be harged faster if more power is installed,

but this is of no use beause the same amount of heap kWh are used. In Figure 6

the situation in the storage is shown for eah hour during the examined month.

The proess starts by harging the storage. The harging power is enough

to �ll the aumulator ompletely with heat, i.e. 60 kWh after 8 hours. Then

the disharging takes plae but the use for heat is not enough for emptying the

storage, some 22 kWh remains when harging starts again. Now the weekend

starts and the storage is one more �lled ompletely but no disharging ours

until Monday morning at 0600.

The storage is not totally disharged before the seond Friday and heat is

stored from one day to the other. However, it is shown that the aumulator

is harged ompletely eah day, while it is only disharged totally three times

during the month.

ECONOMIC ANALYSIS

Up to now only the eletriity ost was onsidered. Above it is shown that this

ost ould be redued from 1 028 to 671, i.e. by 357 SEK. If it is assumed that the

same amount ould be saved for all the months, November to Marh, when there

is a time-of-use rate, 1 758 SEK would be saved eah year. Further, assuming

that a heat storage has a life-yle of 20 years and the real disount rate is
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Hour no. Defroster El. heater Hot water Radiators Tot. demand Cum. demand

1 0.38 2.17 1 0.03 3.58 3.58

2 0.38 1.6 0 0 1.98 5.56

3 0.34 2.26 0 0.02 2.62 8.18

4 0.23 1.56 0 0 1.79 9.97

5 0.2 1.35 1 0 2.55 12.52

6 0.27 1.08 1 0.03 2.38 14.9

7 0.2 2.26 0 0 2.46 17.36

8 0.2 1.52 1 0 2.72 20.08

9 0.2 2.25 1 0.02 3.47 23.55

10 0.2 1.48 1 0.03 2.71 26.26

11 0.23 0.6 1 0.03 1.86 28.12

12 0.2 1.56 0 0.03 1.79 29.91

13 0.19 1.87 1 0.03 3.09 33

14 0.2 0.98 0 0 1.18 34.18

15 0.23 1.17 1 0 2.4 36.58

16 0.27 0.88 0 0.03 1.18 37.76

Table 1: Eletriity demand for heating from 0600 to 2200 1987-01-02

5 %, the net present value of these savings would beome approximately 22 000

SEK, see referene [3℄ for more details about the net present value method. In

referene [4℄ the ost for a water heat storage is assumed to be of the magnitude

of 7 000 SEK/m

3
or 150 SEK/kWh. A 60 kWh heat storage should therefore ost

about 9 000 SEK. There is also a ost for installing the aumulator but it seems

that it is possible to implement water heat aumulators with pro�tability. In

the spei� house eletriity is used for both spae and hot water heating. The

eletriity heater must therefore be hanged to a devie heated by hot water

instead if an aumulator is to be used. The hot water heater already works

as an aumulator, where no regulation due to time is utilized, but the volume

is too small for proper operation as a time dependent harging devie. If the

aumulator ould be installed when the house is built the pro�tability of the

storage will be still higher.

CONCLUSIONS

When time-of-use rates gets more ommon there will be an inreasing interest

in avoiding eletriity use during the expensive hours in the tari�. One means

for doing so is to implement a water heat aumulator in the building. The

aumulator is harged during the low ost hours, in Sweden between 2200 to

0600, and it is disharged under the rest of the day. It is shown that it is

pro�table to install a storage with a apaity of about 60 kWh, i.e. 1.3 m

3

of water with a temperature span of about 40 K. Further, it is shown that

the harging power is essential for proper operation of the aumulator. If the

power is too low the storage annot be fully harged during the heap hours in

the tari�. If it is too large no extra bene�ts our. The storage will be harged

faster but the same amount of kWh is used in spite of extra harging power. In

Sweden, there is a low ost segment in the tari� during weekends. This ould be

of bene�t beause then the storage ould be totally harged beause of the long
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Thermal size, kWh Thermal power for harging, kW

2.5 5.0 7.5 10.0

10 979 979 979 979

20 887 887 887 887

30 864 795 795 795

40 845 723 723 723

50 827 705 688 688

60 817 692 671 671

70 799 687 672 672

80 779 684 675 676

90 767 674 679 679

100 757 674 682 682

110 743 678 686 686

120 725 681 689 689

Table 2: Eletriity ost in SEK for some di�erent sizes of heat aumulators,

January 1987

Day no. & Stored Day no. & Stored Day no. & Stored

type heat type heat type heat

1 Fri 0.0 11 Mon 59.8 21 Thu 54.2

2 Sat 60.0 12 Tue 17.6 22 Fri 41.4

3 Sun 120.0 13 Wen 0.0 23 Sat 101.4

4 Mon 82.1 14 Thu 0.0 24 Sun 120.0

5 Tue 56.1 15 Fri 0.0 25 Mon 86.0

6 Wen 20.5 16 Sat 60.0 26 Tue 65.6

7 Thu 0.0 17 Sun 120.0 27 Wen 35.8

8 Fri 0.0 18 Mon 86.9 28 Thu 2.6

9 Sat 60.0 19 Tue 74.5 29 Fri 0.0

10 Sun 120.0 20 Wen 66.3

Table 3: Contained heat at 2200 in a 120 kWh storage, harging power 2.5 kW

interval of heap hours even if a very low power is implemented for harging.

The storage must then be used more or less on a weekly basis whih means that

the ontents is disharged during a longer period of time. In spite of the harging

between 2200 to 0600 the storage will ontain less heat for eah working day

at 2200. It is also shown that the bene�ts from the lower eletriity ost will

adds up to a present value of about 22 000 SEK whih probably is enough for

hanging the installations in the house. If the devies are installed when the

house is onstruted the pro�tability will inrease substantially.
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Figure 6: Storage ontents in an aumulator of 60 kWh, harging power 7.5

kW, January 1987.
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