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CHAPTER 1

INTRODUCTION

An electric heat-storage system is a unique type of heating system

wherein heating elements are buried in a layer of sand approximately one

and a half feet below the building's floor surface. Electrical energy is

supplied to the heating elements, or electrical resistance heating mats,

where it is converted into thermal energy and stored in the sand bed and

soil beneath the floor slab. This heat reservoir serves to warm the entire

building by means of heat conducted up through the floor slab. Through

convection and radiation from the floor surface, the building interior may

be maintained at any desired temperature.

Inherent in this type of system is a lag between the time energy is

supplied to the heating mats and the time the effects of such input are

felt within the building. Operators, however, may be able to use this time

lag characteristic to their advantage. For many years heating systems, and

cooling systems for that matter, have been designed and operated to meet

instantaneous demands. Utility companies are designed to have the

installed capacity to meet the sum of these demands. Peak energy demands

for industrial and commercial activity generally occur between 9:00 a.m.

and 5:00 p.m. during any typical working day, whereas after hours energy

demands are substantially decreased. Consequently "peaks" and "valleys" of

energy demand occur.

Because the utilities have the ability to meet energy demands during

the "peak" hours, there are hours during any given day when a utility may



be operating at half-capacity or less. As a savings incentive for

consumers, some utilities offer reduced rates during the "off-peak" hours.

The time lag characteristic of a heat-storage system makes it possible for

the operator of said system to take advantage of the reduced rates offered

during these "off-peak" hours.

The purpose of the work described herein is to provide a clear and

concise method for determining the heating needs of any given commercial

building in the state of Kansas and the size of a heat-storage system which

will meet these needs. To accomplish this, a one-dimensional computer

program was developed to model an existing heat-storage system presently

operating in the warehouse area at the Kansas Power and Light Service

Center located in Olathe, Kansas. This program is capable of approximating

temperatures within the warehouse and beneath the concrete slab. Using

these temperature values, heat flows are calculated. Also, using this

program, several parameters such as system operating cycle, soil property

values, edge insulation thickness, earth berm height and building thermal

transmittance value (U-value) have been varied to determine their effects

on the sizing of a heat-storage system. With a working knowledge of the

heat flows, such as edge losses, as well as the effects of varying system

parameters on these heat flows, a system may be designed to minimize energy

usage, or rather the cost of maintaining a particular building at design

temperature. Finally a brief economic comparison has been made between

heat-storage and conventional heating systems.



CHAPTER 2

KANSAS POWER AND LIGHT BUILDING DESCRIPTION

The Kansas Power and Light (KPSL) Service Center to be used as a model

for this analysis was built in 1981. A heat-storage system was also

installed at this time to meet the warehouse heating requirements. This

heating system consists of eighteen electrical resistance heating mats

located 18" below the warehouse floor surface. Each mat is 36 feet by

three feet in size and is rated at 2.611 KW for a total installed capacity

of 47.0 KW. See Figure 1 for a distribution of the heating mats. Two

thermostats, one located on the east wall of the warehouse and the other on

the west wall, control the operation of the heating mats. During the 1984-

85 heating season, the thermostats were set to activate the heating mats

between the hours of 4:00 p.m. and 8:00 a.m. whenever the interior building

temperature fell below 60 F.

The KP&L warehouse, an 80.5' x 75.6' x 17.25' structure, has a

predominantly metal exterior with concrete walls extending above ground

level to the north and east. The north wall is concrete to a height of

seven and a half feet with earth berm covering approximately 84% of it. To

the east, a combination of effects exists. The southeast half of the wall

surface is completely exposed to the atmosphere with the floor slab sitting

on grade while earth berm gradually inclines to a height of four feet over

the remaining half of the wall surface. An office building adjoins the

warehouse at the south wall. This office space is not heated by the heat-

storage system. A roof covered loading dock adjoins the warehouse west

wall.
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Besides the building specifications, two other sources of information

were of vital use to this work: hourly energy consumption data provided by

KP&L and temperature data recorded with the use of copper-constantan

thermocouples placed at several locations within the warehouse, underneath

the floor surface and at varying distances from the north wall. See Figure

2 for a layout of the thermocouple locations. In order to facilitate

burial of the thermocouples, they were attached to wooden poles, each 12

feet in length. Contractors drilled six holes, each hole four inches in

diameter, where thermocouple poles were later buried. These pole locations

are seen in Figure 3 as well. Several thermocouples were attached to the

walls and ceiling of the building interior to measure surface temperatures

while three others were hung to measure the room air temperature. All

thermocouple data were recorded at four hour intervals on a 40 channel data

logger left undisturbed inside the warehouse. Data gathered from these

thermocouples and the metered electrical data were used to verify the

computer program developed for this analysis.
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CHAPTER 3

THE COMPUTER MODEL

Model Description

A two-dimensional, transient, finite difference computer program was

developed previously to model temperature distributions and heat flows in

the storage bed, building and surrounding earth adjacent to and underneath

the building at the KP&L site (1). However, repeated runs of this detailed

program for the purpose of the work described here are too costly. For

this reason, the one-dimensional program described here was developed. It

has the same capabilities as the two-dimensional model, but executes in

less time and is, therefore, less expensive to use.

The one-dimensional program (see Appendix B) approximates the

following temperatures: TS, TG, TU, TD1 , TC, TW, all of which are labeled

on Figure 3. A seventh temperature, TR, is also calculated within the

program and represents the warehouse room air temperature. The soil

temperature, TD2, at a depth of 9.42 feet below the slab surface is not

estimated within the program but steadily increase'd from a value of 72 F to

76°F during the heating season. This temperature range was obtained from

the measured data and establishes a lower bound for the computer program.

Using these temperatures, the following heat flows and energy storages are

calculated: QDS, the energy stored in the soil below the sand bed; QS, the

energy stored in the sand bed; QUS, the energy stored in the floor slab;

QE, the edge losses through the foundation footing; QG, the energy stored

in the ground outside of the foundation footing; QU2, the heat gain to the

warehouse; QC, the energy lost through the ceiling; QW, the energy lost

7
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through the walls; and QD2, the portion of the energy lost downward to the

soil. These quantities are labeled in Figure 4, which shows the electrical

analogy used to facilitate program development.

Many parameter values, resistances and convection coefficients, for

example, are initialized at the beginning of the program. Their values and

an illustration of how they are determined can be seen in Appendix A. The

2
actual heat input to the mats, QIN, in Btu/hr per ft of floor area and the

average ambient temperature value, TA, are read into the program on a daily

basis. Because the slab and below grade soil temperatures respond slowly

and are, to a large degree, insensitive to rapid changes (see Graph 1) in

the ambient air temperature, the average daily ambient temperature is used

rather than approximating a new ambient temperature each hour. The values

of QIN were obtained from the metered electrical data sent by KP&L. The

following temperatures: TS, TU, TD1 , TD2, TR, TC, TW and TG are

initialized with values measured by the thermocouples on October 12, 1984.

Once beyond the initialization of the various parameters, the program

calculates a series of heat flows and storages using the First Law of

Thermodynamics and equations based on a finite difference form of Fourier's

Law of Heat Conduction. Using an hourly time step and temperature values

at the beginning of the hour increment, temperature gradients with respect

to time are calculated at the nodes TS, TG and TD1 . Heat flows/storages

corresponding to nodes beneath the floor surface, namely QS, QDS, QG, QE,

QUI, QD1, and QD2 are then calculated. Because of the low air capacitance

value, CA, a time step of fifteen minutes is used to calculate the

warehouse room air temperature, TR. This is to insure that TR remains

stable. Once calculated, TR is incremented to account for the heating load

supplied by the warehouse lighting (see Appendix C) and the heating losses
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experienced due to an infiltration rate of 0.21 air changes per hour (see

Appendix D). Using this new room temperature and radiation and convection

coefficients for the interior warehouse surfaces, a new temperature TRBAR

is determined (2). TRBAR is, in effect, the "average" room air temperature

in the warehouse during the entire hour. The heat flows/storage QC, QW,

QU2 and QUS are then calculated based on TRBAR. At the end of each hour,

all temperatures are incremented to their new values before the program

begins calculations for the following hour. Heat flows and heat storages

are summed so that daily, monthly and heating season totals may be

determined. After a period of 24 hours, the program reads a new QIN and

TA. Calculations for a new day using an hourly time step begin again. At

present the program is set up to make calculations for the months of

October, 1984 through May, 1985, the period for which data is available.

The program also generates other auxiliary information. The average

ambient temperature for each month is computed. Heating degree days using

a base temperature of 65 F and heating degree days using the actual room

temperature value are calculated for each month.

Model Verification

The computed results were verified by comparison of computed to

measured temperatures. Hourly temperature values were generated for March

13, 1985. An early spring day was chosen so that the effects of the

initial conditions would no longer be seen . Corresponding temperature

readings were gathered from the actual data taken at the KP&L site. These

computed temperature values and the actual readings are shown in Table 1 at

four hour intervals. TS is the calculated temperature at the heating mat

level and corresponds to thermocouple #30 in Figure 2 . TU is the
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TABLE 1

HOURLY TEMPERATURES FOR March 13, 1985

TIME MorC
a

TU

°F

TD

°F

TR
°F

TO
°F

TC
°F

TS

°F

TG
°F

04:00 M 70.3 79.2 65.6 63.3 66.5 78.5 46.2

C 69.2 77.0 66.1 65.0 65.8 76.8 47.7

08:00 M 70.5 79.2 65.6 64.1 67.6 79.8 46.2

C 69.4 77.0 66.2 65.2 66.0 77.4 47.8

12:00 M 70.1 79.1 65.5 65.6 69.8 79.8 46.4

C 69.7 77.0 66.4 65.4 66.2 78.0 48.0

16:00 M 70.5 79.1 65.5 66.1 70.3 79.4 46.7

C 70.0 77.0 66.7 65.7 66.5 78.6 48.1

20:00 M 70.9 79.2 65.4 64.7 68.6 79.1 46.9

C 70.3 77.0 66.9 65.9 66.7 79.1 48.3

24:00 M 71.0 79.1 65.5 63.8 67.4 78.9 46.4

C 70.7 77.0 67.2 66.2 67.0 79.6 48.4

"M or C" measured or calculated
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calculated floor surface temperature and corresponds to thermocouple #15.

TD is the calculated temperature at a depth of 5' 5" beneath the slab

surface. It corresponds to thermocouple #35. Each of these calculated

temperatures agrees quite well with its measured counterpart, + 2.2°F in

difference at most. For example, at 4:00 p.m. (16:00), TU-calculated (TU-

C) is 0.5 F lower than the actual measured value while TD-C and TS-C are

2.1 F and 0.8 F lower than their measured values.

TW is the calculated temperature of the wall surface and its measured

value corresponds to the average of thermocouples #18 and #19 in Figure 2.

TC is the calculated value of the ceiling surface temperature and

corresponds to thermocouple #16, also in Figure 2. One final node inside

the warehouse is TR, the room temperature. Its measured values are

recorded by thermocouple #10. Simulation of the building interior is

difficult because two auxiliary heaters, located in the southwest area of

the warehouse, were used at random during the entire heating season. By

"at random" it is meant that the auxiliary heaters were not operated

according to any predetermined operating cycle, just when KP&L employees

felt a need for some additional heating. This effect can be seen in Graph

#1 where the average daily measured room temperature stayed fairly

constant, possibly due to the use of the auxiliary heaters.

Thermocouples #7 and #9 were used to represent the soil temperature,

TG. Refer to Figure 2 for a comparison of the locations of TG and

thermocouples #7 and #9. Because TG lies approximately half-way between

thermocouples 7 and 9, its actual value should behave similar to the

average values of these thermocouples. Table 1 shows this to be true.

In addition to the measured and computed data comparison at each

temperature node, a sensitivity analysis was done to determine the
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percentage of error in individual heat flows (i.e., QD1 , QUI, etc.) caused

by one degree in difference between the computed and measured temperature

values. Appendix E explains the steps of this analysis in more detail

while Table 2 shows the results. For example, if the calculated value of

TS is one degree higher than its measured value, the quantity QUI will too

high by 12.5%. Because the heat flows and energy storage calculations are

based on energy balances at each temperature node, an overestimation of QUI

means that the calculated sum of QE, QS and QD1 is too low by that same

amount. The sum of the heat flowing into a node will always equal the

amount leaving plus the energy stored at that node.

To exactly match measured data with computed values is an

impossibility with the extremely simplified model being used here. For

instance, during the month of December, TD may be 2 F higher than the

actual data while in March it may be 2 F too low. Graphs 2-5 were

developed to allow comparison of the computed temperatures to that of the

measured data over an entire heating season. It is seen that over an

entire heating season, the program generates temperature values which, on

the average, compare quite favorably to measured data, and for the purposes

of this work, the computer program estimates heat flows/storages which are

of acceptable accuracy.

Model Response

Once verified, the program was run through the entire heating season.

Information generated was used to develop Graph 6 which shows the direction

of heat flows and energy storage on a monthly basis. Also shown are the

average outdoor and indoor temperature profiles. Table 2 shows the heat

flows and energy storage as percentages of the monthly heat input over the
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TABLE 2

ERROR PERCENTAGE OF HEAT FLOWS

NODE TYPICAL RANGE OF
TEMPERATURE DIFFERENCE

ERROR PERCENTAGE OF HEAT FLOW
PER DEGREE IN DIFFERENCE

TS 2°F 12.5% of QUI

100.0% of UD1

3.3% of QE

TU 2°F 12.5% of QUI

TD1 2°F 100.0% of QD1

20.0% of QD2

TG 5°F 3.3% of QE
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heating season. Using this table and Graphs 2-6, an overall understanding

of how the system responds to ambient air temperature changes can be

reached.

During the first two weeks of October, a warm-up period was

experienced, meaning a sizeable portion of the heat input (approximately

19%) was used to warm up the sand and soil below the floor slab. During

the last two weeks of October, the system was shut off in order to allow

placement of the thermocouple poles and monitoring of the warm-up period.

The ambient air temperature began to fall and energy stored in the heat

reservoir was drawn upward to meet heating needs. In November the ambient

temperature continued to decline. The rate of heat gain to the building

increased to meet heating needs as a result. Energy was stored at a lesser

rate than the previous month. During December the indoor warehouse air

temperature remained relatively steady above 60 F causing the heating mats

to turn off and on periodically, being off for several consecutive days for

several periods during the month. In order to maintain the building air

temperature, heat was drawn from storage at a greater rate. Energy

consumption reached its maximum rate during January due to the declining

ambient air temperature. The mats were "on" every day during January and

February. Energy storage rates increased to replace heat lost during

December. From February until May the weather continued to warm up. Less

heat was needed to maintain the warehouse at its design temperature, and

the system operated intermittantly until finally the system was turned off

and remained off in mid May.

Approximately 66.6% of the total heat input during the heating season

was used to meet the heating requirements of the building. Nearly 31.0% of
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the heat input was lost through the footing insulation and downward to the

soil. The balance of the heat input, 2.4%, remained in the heat reservoir

at the end of May.



CHAPTER 4

ESTIMATING THE DESIGN HEATING LOAD

The design heating load is by definition the amount of heat required

to maintain a space at indoor design air temperature during outdoor design

weather conditions. It is equal in magnitude to the sum of the

transmission losses through the space walls, roof and floor and the heating

load associated with infiltration and ventilation. The ASHRAE Handbook of

Fundamentals (3) provides a detailed procedure for estimating the design

heating load for any given building.

Table 4 shows an illustrative example of the design heating load

determination for the KP&L warehouse in Olathe, Kansas. The indoor and

outdoor design air temperature values used are 60°F and 0°F. The thermal

resistance values for the walls and ceiling are 13.0 hr.ft • F/BTU and 30.0

hr . ft • F/Btu respectively. The infiltration rate for the warehouse area

is an estimated 0.5 air changes per hour. The heating losses associated

with infiltration are, at best, a rough estimate because it is difficult to

determine the rate of outside air leaking into the warehouse. The methods

of determining the air leakage rate are based more on experience than on

scientific knowledge. Another factor contributing to the difficulty in

determining the heat losses due to infiltration is the presence of the

loading dock to the west of the warehouse. The warehouse doors are opened

and closed on demand for the purposes of loading or unloading building

materials. The rate of air entering these doors is, again, difficult to

25



TABLE 4: KP&L DESIGN HEATING LOAD

26

SURFACE RATE OF HEAT LOSS, BTU/HR

ROOF
q - UA (AT)

= (1/30. 0)(6086. 0)(60-0) 12,172

WALLS ABOVE
GRADE

q = UA (AT)

= (1/13.0X3691.0X60-0) = 17,035

WALLS BELOW
GRADE

q = UA (AT)

- (0.624) (80.5) (60-22) - 1,909

DOORS
q = UA (AT)

= (1.154X306.0X60-0) = 11,922

FLOOR PERIMETER
1 = F

2
P (AT) = 6,626

= (0.624)(80.5)(60-22) + (2) (0.52) (75.6) (60-0)

FLOOR SLAB
q - UA (AT)

- (0.02) (6086.0) (60-22) = 4,625

INFILTRATION q = 0.018 V (AT)

= 0.018 (52,490) (60-0) = 56,689

VENTILATION NONE

TOTAL DESIGN HEATING LOAD = 110,987 BTU?HR

All temperatures are in °F; U-values are in Btu/f

t

2 hr °F; areas are in

ft 2 ; perimeter P is in feet; f is in Btu/hr ft 2 C
F and V is in ft 3 /hr.



27

estimate. Two auxiliary heaters are used in the KP&L warehouse to offset

part of the heat losses due to infiltration.

The total design heating load including infiltration heat losses is

110,978 Btu/hr for the KP&L warehouse. Because of heat losses to the soil

and through the building footings and energy storage beneath the floor

surface, the actual installed capacity of the heat-storage system must be

some multiple of the design heating load. This multiple value is called

the system's oversize factor.



CHAPTER 5

DETERMINATION OF THE OVERSIZE FACTOR

Oversize factors vary from one type of heating system to another. For

the purpose of determining the oversize factor associated with the heat-

storage system at the KP&L site, Graph 7 has been developed. It shows the

monthly rates of heat gain and total heat input as functions of the monthly

average ambient air temperature. The heat gain to the warehouse was

determined using the computer program (QUZ in the previous discussion).

The oversize factor associated with this particular heating system is the

ratio of the total rate of heat input to the rate of heat gain at outdoor

design conditions or

OVERSIZE FACTOR = RATE OF HEAT INPUT TO MATS AT T = 0°F

RATE OF HEAT GAIN BY BUILDING AT T = U
F

o

= 76,269 Btu/hr
51,073 Btu/hr

= 1.5

This indicates that to meet the heating needs of the KP&L warehouse, the

installed capacity of the heat-storage system must be equal to a factor of

1.5 times the design heating load, or

INSTALLED CAPACITY = 1.5 * 100,978 Btu/hr = 44.4 KW.

From the building specifications, the KP&L heat-storage system has an

installed capacity of 47.0 KW and is, therefore, capable of meeting the

warehouse heating needs.

The design heating load estimate was determined using an infiltration

rate of 0.5 air changes per hour. The actual use rate at design

28
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temperature was 51,073 Btu/hr. This indicates that the design heating load

estimate was too high, perhaps due to an overestimate of the infiltration

rate or the auxiliary heaters carrying part of the actual building load.

In either case, the difference between the design estimate and the actual

demand (49,905 Btu/hr) is less than the infiltration component in the

design estimate (56,689 Btu/hr).



CHAPTER 6

CORRECTION FACTORS FOR PARAMETER VALUES OTHER
THAN THOSE OF BASE CASE

The oversize factor is not only dependent upon the type of heating

system but of other parameters as well. Soil properties, system operating

cycle and edge insulation thickness may influence the oversize factor

associated with a heat-storage system. The oversize factor estimated in

the previous chapter is applicable only to the KP&L warehouse. The set of

design conditions at this site will be referred to as the "base case" for

the remainder of this chapter and the next. Changing any of the base case

design conditions may affect the oversize factor. For instance, using

concrete with a higher value of thermal conductivity for the floor slab

increases the heat gain to the warehouse and as a result, the oversize

factor for the system will be smaller. Soil, sand and concrete properties

(see Table 5) were varied from their base values to determine the effects,

if any, on the building heat gain and energy storage. Refer to Table 6a

and 6b. Edge insulation thickness and building thermal transmittance wree

also varied and results of this can be seen in Table 6c. One final

parameter, the system operating cycle, was varied from eight hours on per

day to 24 hours on per day. Changing the operating cycle had no noticeable

effect on heat gain, losses or energy storage.

In order to determine the oversize factor for a heat-storage system

under design conditions other than those of the base case, correction

factors as functions of material properties and edge insulation thickness

have been estimated and can be seen in Graphs 8-15. The oversize factor

31
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Table 5

PROPERTIES OF MATERIALS

(Range of Values from References Indicated)

MATERIAL TEMP
°F

DENSITY
lbm/ft 3

HEAT CAPACITY
Btu/lbm °F

THERMAL CONDUCTIVITY

Btu/ft hr °F

Air 68 0.0735 0.2406 0.0146

Clay
b

68 91.0 0.21 0.739

Concrete
c

68 119 - 144 0.21 0.47 - 0.81

Fiberglass
Insulation .

68 3.25 0.157 0.22 per foot of

insulation

Sand
e

100 - 112.4 0.20 1.14 - 1.41

Soilstone
£

68 135 - 144 0.17 0.94 - 1.20

a, d: Reference (3)

b, c: Reference (6)

e, f: Reference (7)
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for the new set of design conditions is simply the product of the base case

oversize factor (1.5) and the correction factors. For instance, the

oversize factor for a heat-storage system where the concrete thermal

conductivity has a value of 0.81 Btu/hr ft °F is 1.5 times 0.97, or 1.46.

Although the results show the greatest sensitivity is to structure

thermal characteristics, correction factors for buildings with thermal

transmittance values other than the base case value are not necessary. The

effect of the building U-value on the installed capacity of a heat-storage

system is accounted fdor in the calculation of the design heating load. A

similar situation exists for the case of earth berm covering part of one or

more wall surfaces. One final variable that may affect the system oversize

factor is the outdoor design air temperature, T . This analysis is based

on a value of F which is applicable to any area of Kansas. Therefore, no

correction factors for variations in T are deemed necessary for the State
o J

of Kansas.

The effect of adding edge insulation is relatively small contrary to

the effect of additional insulation estimated in the ASHRAE (3) data.

Adding two inches of insulation (R = 6) to the footings of the KP&L

building reduced the edge heat loss rate by 17% of that experienced with no

edge insulation. According to the ASHRAE data, adding insulation of R =

4.17 to basement wall surfaces four feet deep will reduce the rate of heat

loss by approximately 29%. However, the ASHRAE data applies to

conventional above-the-floor heating systems. The heat-storage system is

more characteristic of a heated basement. As such, the rate of edge heat

losses experienced by a heat-storage system are greater than those for a



45

conventional system. Using additional insulation would have a smaller

effect on the rate of edge losses from a heat-storage system as opposed to

that of a conventional heating system.



CHAPTER 7

THE OPTIMUM DEPTH OF THE HEATING ELEMENTS

One other design condition warrants mentioning in this text: the

depth of the resistance heating mats. At the KP&L site, the heating

elements are located 18" below the floor slab surface. The computer

program developed for this analysis was not used to determine the effects

of any variation from the heating element depth of 18" because work of this

nature has already been done; the details of which have been published in

(9) and (10).

Because the heating mats are located below the floor slab , the

downward heat losses associated with a heat-storage system are greater than

those of a conventional system. However, the economic justification for

using a heat-storage system as opposed to a conventional method of heating

is the ability to take advantage of reduced electrical rates offered during

off-peak hours. The time lag characteristic of a heat-storage system makes

this possible. Moving the heating mats closer to the floor slab decreases

the storage potential and shortens the length of the time lag. If the mats

are too close to the slab surface, the time lag may be so short that a

costly mid-day heating boost will be needed.

Moving the heating elements to deeper levels has two main effects.

One, the heat losses through the footings and downward to the soil will

increase. This, in turn, requires an increase ofd the heat input in order

to meet a given heating load. An increase in the rate of heat input

requires that the heating mats be operated at higher temperatures. The

46
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maximum operating temperature of the heating mats is the limiting factor in

this case and depends upon the type of heating elements used. Secondly,

the heating mats may be placed too deep for the heating system to respond

quickly enough to rapid changes in weather conditions. This will cause

periods of over and under heating.

To determine the optimum depth for heating mat placement, a compromise

must occur between the length of the desired time lag and the acceptable

percentage of downward heat losses. According to the reports (9) and (10),

the optimum depth is approximately 18" below the floor slab surface

providing a time lag of 10 - 14 hours.



CHAPTER 8

DETERMINATION OF THE INSTALLED HEATING SYSTEM CAPACITY

Once the design heating load for a building has been estimated (see

Chapter 4) and correction factors have been determined for design

conditions other than those of the base case (see Chapter 6), the installed

capacity of the heat-storage system may be calculated. The installed

capacity is equal to the produce of the corrected oversize factor and the

design heating load, or

INSTALLED = 1.5 * Design Heating Load * Product of all correction factors

CAPACITY

For example, given a building with an estimated design heating load of

75,000 Btu/hr and the following design conditions:

3" of edge insulation (R = 9)

thermal conductivity of the floor slab = 0.75 Btu/hr ft F

thermal conductivity of the soil at the designated building

location = 0.94 Btu/hr ft °F,

the installed capacity of a heat-storage system which would meet this

heating load requirement is

INSTALLED . 1.5 * 75,000 212* CF • CF * CF^^
CAPACITY

nr

= 106,459 Btu/hr (31 KW)

where CF_, ,„ = correction factor for the slab conductivity from
SLAB

Graph 13 = 0.972

CF„
nT

. = correction factor for the soil conductivity from

Graph 9 = 0.99

cf tmciii correction for edge insulation from Graph 14 = 0.99

The effective oversize factor for this case is 1.5 * 0.972 * 0.99 *

0.99 - 1.43.
48



CHAPTER 9

A BRIEF ECONOMIC COMPARISON

Slab heating systems require more energy input than conventional

systems (i.e., gas or oil heating, electric heat pump) in order to maintain

a space at a given design temperature due to increase edge and bottom heat

losses. The economic justification for using a heat-storage system is the

ability to utilize reduced electrical rates which may be offered during

off-peak hours.

In this chapter, a brief economic comparison will be made between the

heat-storage system at the KP&L site and a conventional system, also

capable of meeting the warehouse heating requirement, on the basis of the

seasonal energy use.

During the period October 1, 1984 to May 31, 1985, the heat-storage

2
system at at the KP&L site consumed a total of 26,373 Btu/ft of floor area

or 47,026 KW - HR; of this only, 31,310 KW - HR was useful heat gain to the

building interior. The balance of the energy input was either stored in

the heat reservoir or lost to the soil and building footings. A

conventional system would need to supply the same amount of useful heat

gain to the warehouse in order to maintain the same level of heating. The

total energy consumption of the conventional system would be equal to the

sum of the useful heat gain to the building and heat losses. For a

conventional heating situation, no energy would be stored but there would

be an edge loss rate of approximately 11,137 Btu/hr (refer to Table 4 for

the sum of floor perimeter and floor slab heat losses). The total amount

49
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of edge losses per square foot of floor area for a conventional heating

warehouse would be

QELC= U.137 gs . 24^ . ,D , (6085>8 u3
1 o

where DD = total number of degree days during the heating season using

a base temperature of 65 F

T. = indoor design air temperature

T = outdoor design air temperature

Floor area = 6085.8 ft
2

.

Using the computer program, the total energy consumption of the

2
conventional system was estimated to be 21,366 Btu/ft of floor area or

38,098 KW - hr, approximately 20% less than that of the heat-storage

system.

The KP&L heat-storage system operates on a 16 hour on/8 hour off

cycle. Assuming that the electrical rates are reduced during these sixteen

hours each day, two-thirds of the conventional energy consumption will

occur at these reduced rates. Equating the total seasonal energy cost of

the heat-storage system to that of the conventional system, the maximum

"off-peak" electrical rate which would make usage of the heat-storage

system economically desirable can be determined as a function of the

electrical rate offered during "peak" operating hours.

operating cost of heat-storage = operating cost of conventional
system system

47,026 KW - HR * A = A * (2/3) * 38,098 KW - HR

+ B * (1/3) * 38,098 KW - HR
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where A = reduced electrical rate during "off-peak" hours in $/KW - HR

B = electrical rate during "peak" hours

Reducing, A = 0.60 * B.

If the "off-peak" electrical rate is 60% of the "on-peak" electrical rate,

then the seasonal energy costs of each system would be equal. If the

reduced rates are less than 60% of the "on-peak" rates, then as far as

energy costs are concerned, the heat-storage system would be the better

choice on the basis of energy cost alone. Capital cost differences in the

two systems are not considered in this determination.

A similar economic comparison was made by Van Gerpen and Shapiro, the

authors of a report entitled "Analysis of Slab Heated Buildings"( 10) . They

concluded that a ratio of off-peak to peak rates of 0.70 or less would make

under-slab heating economically competitive with direct electric resistance

heating. This ratio is comparable to the value of 0.60 obtained in this

analysis.

Because a variety of factors may be encountered in a rate structure,

it is difficult to discuss all of the favorable features which could result

from operation of a heat-storage system. For example, there should be a

reduced "demand" charge , if such is included in a rate structure. There

may be, however, a higher "connected load" charge, if such exists. The

complete economic analysis would need to be made for the rate schedule in

the service area in which installation is contemplated.



CHAPTER 10

SUMMARY AND CONCLUSION

A one-dimensional, finite difference computer program was developed

for the purpose of approximating temperature and heat flow distributions

characteristic of buildings using under floor electrical resistance heating

systems. A variable time step was used to maintain program stability.

Computed temperature profiles were compared to actual measured data

over the entire heating season . On the average, the computed results

modeled the measured data quite favorably. The magnitude and direction of

heat flows and energy storage were estimated based on the computed

temperature values.

The computer model was used to determine the effects of variations in

material properties, building thermal transmittance, edge insulation

thickness, system operating cycle, and ambient air temperature. Results of

these parameter variations were presented in the form of graphs and tables.

The effects of changing the depth of the heating elements were also

discussed

.

A method for determining the design heating load for a given building

was outlined briefly. The oversize factor characteristic of heat-storage

system operating under a particular set of design conditions was estimated.

Correction factors for parameter values differing from these design

conditions were determined using the computer model. The installed

capacity of a heat-storage system was defined as a function of the building

design heating load, oversize factor and correction factors.

52
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Finally, an economic comparison was made between a heat-storage system

and a conventional heating system on the basis of seasonal energy costs.

The purpose of this text was to provide a clear and concise method of

sizing underfloor heat-storage systems for commercial buildings in Kansas.

The conclusion of this study is that the installed capacity of a heat-

storage system should be .15 times the design heating load for a given

building. Energy costs for the heat-storage and conventional heating

systems will be the same if an off-peak electrical rate exists for 16 hours

per day at a value of 0.6 times the peak rate.
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APPENDIX A

This appendix illustrates the determination of values assigned to

variables within the computer program. For a physical representation of

these variables refer to Figure 5. Because the actual material properties

at the KP&L site are not known, a trial and error process was used to

determine which combination of variable values produced temperature

profiles closest to those of the measured data. The range of property

values used are shown in Table 5. The following is a list of variable

values chosen as input for the program and an illustration of how they were

determined. All material densities are in lbm/ft ; heat capacities are in

Btu/lbm F while thermal conductivities are in Btu/ft* hr« F.

CG: The thermal capacitance of the soil outside the building footings to

the north, east and west sides of the warehouse

CG = VG * p * C =154.3 Btu/ft
2

°F
P

3
where VG = the volume, in ft , of a section of soil 0.502 feet thick

2
and a surface area of 12.56 ft .

exposed building perimeter = Q n ft/ft-

^

floor area

* # (4.0 ft)
2

/ 4 = 12.56 ft
2

P = soilstone density = 144.0

C = soilstone heat capacity = 0.17

CU: the thermal capacitance of the floor slab (0.5 ft thick)

CU = 0.5 ft * P * C = 15.1 Btu/ft
2
°F
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where P = concrete density = 144.0

C = concrete heat capacity = 0.21
P

CS: the thermal capacitance of the sand bed (2.0 feet thick)

CS = 2.0 ft » p * C = 45.0 Btu/ft
2
°F

P

where P = sand density = 112.4

C = sand heat capacity = 0.20
P

CD: the thermal capacitance of the soil (6' 11" thick) beneath the sand

bed

CD = 6.92 ft » P * C =169.4 Btu/ft
2 - °F

P

where P = soilstone density = 144.0

C • soilstone heat capacity = 0.17

CA: the thermal capacitance of the air inside the warehouse (17.25 ft

in height)

CA = 17.25 ft » C * P a 0.31 Btu/ft
2

. °F
P

where p = air density = 0.0735

C = air heat capacity = 0.2406
P

CC: the thermal capacitance of the roof (9.25 inch thick)

CC = 9.25/12.0 ft * p * C * 1.5 = 0.60 Btu/ft
2

°F

where P = fiberglass insulation density = 3.25

C a fiberglass insulation heat capacity = 0.157

A factor of 1.5 was used because of the presence of a metal shell covering

the insulation.

CW: the thermal capacitance of the wall (4.0 inches thick)

'P
CW = 4.0/12.0 ft * P » C * 1.5 « 0.26 Btu/ft

2
°F
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where P = density of fiberglass insulation =3.25

C = heat capacity of fiberglass = 0.157

A factor of 1.5 was used because of the presence of an outer metal shell

covering the wall surfaces and steel webbing inside the walls.

RU1: the thermal resistance of the concrete floor and one foot of sand

RU1 = 0.5 ft/k-concrete + 1.0 ft/k-sand = 1.94 hr -f

t

2
-°F/Btu

where k-concrete concrete thermal conductivity = 0.47

k-sand sand thermal conductivity =1.14

RD1: the thermal resistance of one foot of sand and 2
' 1 1" of soilstone

RD1 = 1.0 ft/k-sand + 2.92 f t/k-soilstone = 3.14 hr ft"-°F/Btu

where k-sand = sand thermal conductivity =1.14

k-soilstone = soilstone thermal conductivity = 1.20

RD2: the thermal resistance of four feet of soilstone

RD2 = 4.0 ft/k-soilstone = 4.26 hr-f

t

2
- °F/Btu

where k-soilstone = 0.94

RW: the thermal resistance of the walls in hr ft F/Btu

RW = 13.0 (building specifications)

RC: the thermal resistance of the roof in hr ft F/Btu

RC = 30.0 (building specifications)

HRW: represents the natural convection heat transfer coefficient in

Btu/hr-ft • F for the interior wall surfaces

HRW = 0.19 (AT)
0-33

= 0.38 (3)
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where

AT = 8°F

HRC: represents the natural convection heat transfer coefficient in

Btu/hr-ft -°F for the ceiling

HRC = 0.12 AT
°- 25

(3)

where

L = 80.5 feet

HFR: represents the natural convection heat transfer coefficient
:-pr

in Btu/hr-ft °F for the floor

HFR = 0.22 (AT)
' 33

= 0.40 (3)

RRFC: represents the reciprocal of the radiation heat transfer

coefficient between the floor and ceiling

[°<V - T
c

U)/[

K +
'c - 2 - VcL^]qp_c

. h
p_c

(T
F

- Tr )

where

q r
= radiant heat exchange between the floor and ceiling

T_ = floor temperature

T„ = ceiling temperature

h„ „ = heat transfer coefficient between floor and ceiling in
F-C

Btu/hr- ft
2

- °F

E n = floor emissivity = 0.40 (3)
F

e = ceiling emmissivity = 0.90 (3)

F r = view factor between floor and ceiling = 0.62 (4)
F—

C

o = 0.1714 x 10" 8 Btu/hr ft
2

°R
4

(Stephan-Boltzmann constant)
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Linearizing,

[T
4

- Tr
4
]/[Tr-T r ]=i.4T

3

F C " L F C
J

where

f = the average of T
Q

and T
p

in °R = 72°F = 532°R

Therefore,

4oT
h
*-c I + I . 2 + i_

E
F

E
C

F
F-C

and RRFC = l/h
p_c

- 3.28 f

t

2
- hr -°F/Btu

RRFW: represents the reciprocal of radiation heat transfer coefficient

between the floor and the walls.

4oT 3

F-V I + I - 2 + i—
£ E F
F W F-W

where

^
w

0.90

F
p_w

. 0.38

RRFW = l/h_ ,. = 4.33 ft
2

- hr- °F/Btu
r-W

RRCW: represents the reciprocal of radiation heat transfer coefficient

between the ceiling and the walls

E
c

E
w

F
c-w

RRCW = l/h„ ,,
= 2.91 hr-ft

2
-°F/Btu

C-W

RI: represents the thermal resistance between nodes TS and TG; the

footing insulation is R-6 according to the building specifications



hi

RG: represents the thermal resistance between node TG and the ambient

air at ground level

The total resistance from the node TS to the ambient air is the sum of RI

and RG. From ASHRAE (3), the U-value for an uninsulated basement wall four

feet deep is 0.906 Btu/hr ft °F.

V - normalized = ? * 0.906 = 0.0345 Btu/hr- ft -°F
A

R - normalized « 1/U-normalized = 29.0 hr- ft • °F/Btu

where P = exposed perimeter of warehouse = 232.0 ft

A = floor area = 6086.0 ft
2

2
The resistance from the footing to the ambient air is 29.00 hr • ft •

°F/Btu. The footing insulation is R-6. Therefore, the total thermal

resistance from node TS to the ambient air is 35.0 hr-ft • F/BtU. Knowing

that the heat flow paths approximately follow a set of concentric circular

patterns (see Figure 6), the heat flow path length is 6.28 feet (1/4 of the

circumference of a circle with a radius of four feet). The node TG is

approximately 4.0 feet from the building and 1.92 feet deep. This

corresponds to a distance of 1.78 feet from the ground level along the heat

flow path. To esimate RG, use:

RG 1.78 ft

R 6.28 ft

where R = 29.0 hr- f

t

2
.°F/Btu

Therefore, RG = 8.2 hr- f

t

2
- °F/Btu and

RI = 35.0 - 8.2 = 26.8 hr -f

t

2 - °F/Btu.

These values were initially used as input to the program. Through the

trial and error process of matching computed values to measured data, these

resistances were later adjusted to:
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RG = 6.0 hr.ft
2
-°F/Btu

RI = 26.0 hr-ft
2

- °F/Btu

for a total resistance of 32.0 hr.ft • F/Btu.
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APPENDIX C

LIGHTING LOAD DETERMINATION
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APPENDIX C

The purpose of this appendix is to estimate the rate of heat input to

the warehouse from the lights. From the building specifications, the

warehouse contains:

19 - 250 watt high pressure sodium lamps

4 - surface mounted fluorescent lamps at 160 W each

8 - surface mounted fluorescent lamps at 80 W each.

A lamp efficiency of 83% was assumed.

The total lighting load supplied to the warehouse is:

19
• 250W . 9 532

Btu

0.83 hr

,
. 160W Btu

4 •• 0783 = 2 '
632 hT

80W Btu

0783
= 2 ' 632 hr

24,796 Btu/hr

The lights are on approximately 9 hours during the average working day. To

account for the change in the warehouse air temperature, the lighting

load was treated as a steady rate of heat input to the building interior.
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Equivalent
Lighting
Loa d hr day 30 days in month
Lighting = (

24 - 792 2IH * Uil) * 20 "work" days
/ u ^

= 6,322 Btu/hr

or 1.04 r— per sq ft of floor area

The change in room temperature due to the lighting load over a fifteen

minute period is:

ATR = 1.04 Btu * 0.25 hr / CA = 0.84 °F
hr.ft*

2 Q
where CA = thermal capacitance of air = 0.31 Btu/ft . F

The new room air temperature after the fifteen minute interval is

TR
NEW " TR

0LD
+ °" 84 ° F -



APPENDIX D

CHANGE IN ROOM TEMPERATURE DUE TO INFILTRATION
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APPENDIX D

The estimated design heating load with an infiltration rate of 0.5 air

changes per hour is 110,987 Btu/hr. Without heat losses due to

infiltration, the heating load is 54,289 Btu/hr. The actual rate of energy

consumption at outdoor design conditions is approximately 76,269 Btu/hr

(refer to Graph 7). This indicates that the actual infiltration rate is

between zero and 0.5 air changes per hour. To determine the actual air

leakage rate, V:

actual heat loss rate = 76,269 - 54,289 = 21,890 Btu/hr due to infiltration

V = 20,352 ft
3

21,980 Btu/hr

hr 0.018 * (T. - T )

where T. = indoor design air temperature = 60 F

T = outdoor design air temperature = F

3
Therefore, the actual air leakage rate is 20,352 ft /hr or 0.21 air changes

per hour.

The change in room air temperature, T_, due to an infiltration rate

of 0.21 air changes per hour over a fifteen minute period is:

AT„ = 0.21 * DELTP » (TA - TR)
K

where DELTP = 0.25 hr

TA = outdoor air temperature in F

TR = warehouse air temperature in F

The new room air temperature in the warehouse is:

TR
NEW = TR

0LD
+ °" 0525 * (TA-TR).



APPENDIX E

SENSITIVITY ANALYSIS
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APPENDIX E

The purpose of this sensitivity analysis is to determine the error

percentage of heat flow rates which would result in the calculated

temperatures of nodes TS, TU, TD and TG each varied one degree from their

actual values. Using Fourier's Law of Heat Conduction:

Q - (Tj - T^/R

where T - T = 1 F of difference between the computed and

measured temperature at node TS, TU, TG, or TD

R = thermal resistance

Differentiating,

dQ = dTj/R - dT
I_ 1

/R + (T - T .) * dR

I?

Therefore, dQ a d(T - T ) = 1°F—

i

il±- R
R

where dQ = the difference in the rate of heat flow

d(T
I

" T
I - 1

}
= l0p

For the error percentage in the rate of heat flow (QUI) between nodes TS

and TU caused by one degree of variation of either calculated temperature

from its measured value:

dQ a
R

=
1794

= °" 515 Btu/hr-ft
2

Q = (TS - TU) = 4.12 Btu/hr. ft
2

R

where TS = average temperature at nodes TS = 79°F

TU = average temperature at node TU = 70°F

R = 1.94 hr.ft 2 -°F/Btu
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error percentage = _dQ = 0.515 * 100 = 12.5% of QUI

Q 4.12

This same approach was used to determine error percentages of heat flow

rates between nodes TS and TD1, TS and TG and TD1 and TD2. The results of

this sensitivity analysis are seen in Table 5.
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ABSTRACT

Underfloor electrical resistance heating and storage systems may be

economically more desirable than conventional heating systems in areas

where utility companies offer reduced electrical rates during off-peak

hours. The time lag characteristic of such heat storage systems makes it

possible for the consumer to take advantage of the reduced electrical

rates.

An investigation of underfloor heating systems was initiated with the

development of a two-dimensional, transient finite difference model

representing the building, storage bed and surrounding earth. However, for

the purposes of this work, the detailed model proved to be too expensive

for repeated use. For this reason, a simplified one-dimensional finite

difference model was developed. This model is capable of estimating

temperature and heat flow distributions characteristic of buildings using

underfloor heating systems.

The model was used to determine the effects of variations in

parameters such as system operating cycle, edge insulation thickness,

material properties and building thermal transmittance.

Results of this study were used to provide a method for determining

the installed capacities of underfloor electrical resistance heating and

energy storage systems for commercial buildings in Kansas.


