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Abstract-The Interzone Temperature Profile Estimation (or ITPE) technique is applied to determine the 
steady-periodic temperature distribution within earth in contact with a partially insulated rectangular 
basement. A water table is assumed to exist at a given depth below the soil surface. The solution derived 
addresses all the common insulation configurations for basements and crawl spaces. The effect of basement 
depth and of partial insulation length and U-value on the mean, amplitude, and phase lag of total heat loss 

from the basement floor and walls is investigated through a parametric analysis. 

1. INTRODUCTION 

WMR THE increasing emphasis on energy conser- 
vation, basements and crawlspaces are becoming 
major contributors to the energy load of residential 
buildings. Indeed, for a typical house built before the 
197Os, the basement heat losses account for as little as 
10% of total envelope loads [l]. Today, the heating 
load related to an uninsulated but conditioned base- 
ment can represent more than 60% of the total envel- 
ope load of an energy-efficient home [2]. 

To reduce heat transfer from basements and crawl- 
spaces, several insulation configurations are used. A 
commonly recommended configuration is to cover the 
upper section of the basement wall with insulation 
while keeping the remaining basement envelope unin- 
sulated. This partial insulation configuration is often 
more cost-effective than a full insulation conligur- 
ation. However, the optimal length and R-value for 
partial insulation may depend on several factors such 
as basement size and soil thermal properties. 

In order to properly evaluate the optimum partial 
insulation length or generally the optimum insulation 
co~g~ation for a basement, it is necessary that a 
flexible but accurate tool, for calculation of basement 
heat loss/gain, be available to designers and engineers. 
This tool should be able to predict heat fluxes for a 
continuous set of basement geometries, soil thermal 
properties, indoor and outdoor temperature vari- 
ations, and common insulation configurations. 

Over a dozen methods for calculating heat transfer 
from basements and crawlspaces are now available. 
Most of these methods have been reviewed by Sterling 
and Meixel [3] and/or by Claridge [4]. Virtually all of 
the existing basement heat loss calculation methods 
are based on numerical techniques such as finite 
differences or finite elements. Among the well docu- 
mented and influential methods for ground heat trans- 

fer calculation are those by Mitalas [5], Shipp 161, and 
Shen [7]. Mitalas compiled tables of shape factors to 
accommodate a comprehensive set of basement and 
slab-on-grade floor insulation configurations. These 
shape factors are computed from a two-dimensional 
finite element program complemented with empirical 
data to include corner effects. The Mitalas shape fac- 
tors are given for a discrete set of insulation and soil 
thermal properties values. The Shipp method [6] 
employs the Pantakar and Spalding implicit finite 
difference technique to calculate heat transfer from 
basements and crawlspaces. Shipp’s approach can 
model several deep and shallow basement insulation 
configurations and permits variable soil properties. 
Shipp used a time step of one day, and in some cases 
larger time steps were assumed to calculate heat fluxes 
from the basement envelope. Shen and Ramsey [7] 
developed a two-dimensional solution to the heat 
transfer problem around a basement. This solution is 
based on the same Pantakar-Spalding approach used 
by Shipp. To reduce storage requirements, Shen et al. 
complemented the numerical method with the Fourier 
series technique ]8]. Recently, Shen eb al. extended 
their model to include most of the common basement 
insulation configurations [9]. The data generated from 
the finite difference model are restricted to certain 
insulation lengths and R-values. 

While other detailed models exist, the three methods 
described above provide a representation of common 
approaches in the study of heat transfer between base- 
ments and ground. Because, they are based on numeri- 
cal techniques, the existing methods use relatively 
large time steps. In addition, most assume constant 
interior temperature. Hence they fail to account for 
hourly effects on ground-coupled heat transfer of tem- 
perature fluctuations due to thermostat setting, solar 
gain, and/or lighting schedule. These effects can be 
significant. Using a frequency response analysis, 
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NOMENCLATURE 

N basement half width [m] T, soil surface temperature [K] 
A,,, B,,, C,, D,t general term in a Fourier series T,, undisturbed soil temperature [K] 

expansion r,, water table t~~lperatur~ ]K] 
b water table depth [m] ‘,J’ space coordinates [ml. 
( basement depth [m] 
Ci floor insulation location from the Greek symbols 

center of the basement fm] x. 8, ; coefficients defined in equations (6), 
e wail insulation length from soil surface (8). (1 I), and (13) 

[ml 
<, 
br,. xv I‘,,* I’,, eigenvalues [m ‘1 

,f. g functions of one of the space h‘\ soil thermal diffusivity [m’ s ‘1 
coordinates [K] If) phase lag [rad] 

j;,, g,, Fourier coefficients (1) angular frequency [rad s ‘1. 
w ratio: h/k, [m ‘1 
k overall heat transfer conductance Subscripts 

]Wm I 
.- 2 K -- 1 a amplitude 

k, soil thermal conductivity [W rn-- ’ K ‘1 f floor 
L distance from building center to a fm middle of the floor 

boundary where soil temperature is fe edge of the floor 
undisturbed [m] m annual mean 

x 

total heat loss [W m ‘1 5 steady-state or mean 
complex amplitude of total heat loss t transient amplitude 
(1 ii) [W mm ‘] wa Wall 

t time [s] Wl lower part of the wall 
T temperature [K] wt top part of the wait 
,- 
r complex temperature amplitude. I zone (I) 

(1 +i) WI 11 zone (II) 

T, building indoor air temperature [K] Ii1 zo1-E (III). 

Kusuda et al. [lo] found that diurnal fluctuations in 
indoor temperature have a large impact on the dab- 
on-grade floor heat loss/gain. 

In this paper, a two-dimensional analytical solution 
to the heat conduction equation is developed for par- 
tially insulated basements under steady-periodic con- 
ditions. The interior temperature of the basement is 
allowed to change with time. A water table at finite 
depth from the soil surface is considered. The solution 
presented is the tirst analytical solution for basements 
capable of analyzing the effects of partial insulation 
and water table depth on foundation heat transfer. 

The solution presented in this paper is based on the 
Interzone Temperature Profile Estimation (ITPE) 
technique. This technique has been successfutly 
applied to solve time-varying two-dimensional and 
three-dimensional heat transfer problems from uni- 
formly insulated basements [ 11, 121. This paper pre- 
sents a more general time-varying two-dimensional 
solution that can handle a variety of basement insu- 
lation configurations including uninsulated, fully insu- 
lated, and partially insulated walls and floors. 

This paper provides physical insight on how heat 
flows from basements to ground and shows the effect 
of partial insulation on the soil temperature field and 
on the total amount of heat flowing from basement 
surfaces in contact with earth. In Section 2, the general 
solution of heat time-dependent heat diffusion equa- 

tion is developed. In Section 3, the soil temperature 
field is illustrated for several basement insulation con- 
figurations. Finally in Section 4, a parametric analysis 
is conducted to show the effect of the insulation length 
and U-value on both the basement wall and floor heat 
losses. Throughout this section, annual fluctuations 
are assumed ; however, the solution developed in this 
paper is valid for any other period of time. 

2. F~RMU~TION OF THE PROBLEM 

The basement problem with partial insulation along 
the floor and the walls is modeled as shown in Fig. 
i(a). Along the bounding surfaces x = t_L, the soil 
temperature is assumed to be undisturbed by the base- 
ment. Note that the model of Fig. 1 (a) does not show 
basement construction details such as footings and 
foundation walls. These foundation elements are gen- 
erally made up of poured or precast concrete. Since 
the thermal conductivity of ground is typically similar 
to that of concrete, the foundation elements can be 
considered as integral parts of the ground medium. 
The model of Fig. l(a) provides a realistic approxi- 
mation of a rectangular basement with interior insu- 
lation. When the insulation is placed on the exterior 
of the basement walls and/or floor, thermal bridging 
may occur along the concrete section of the basement 
envelope. However, this thermal bridging is minimal 
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FIG. 1. (a) Rectangular basement with partial insulation, (b) floor insulation distribution, (c) wall insulation 
distribution. 

when the above grade portion of the basement walls 
are insulated. Using a more elaborate model for base- 
ments that takes into account the concrete walls, it was 
found that interior and exterior insulation placement 
provide virtually identical thermal performance [2]. 

When all temperatures vary periodically with time 
at angular frequency w, the temperature distribution 
T(x,y,t), around the rectangular basement, is subject 
to the heat diffusion equation : 

a2T a2T 1 dT 
s+,=;z 

aY s 
(1) 

with 

k, g = h,(x) (T, - T) and T, = Ti, + q, cos(wt + q$) 

fory=candIxl <a 

k,g=h,,(y)(T-T,) fory<candIxI =a 

T= T,,+T,,cos(wt+q5,) fory=OandIxI >a 

T= T,(_v,t) forlxl =L 

T = T,, + T,,cos (cot+ &,,) for y = b. 

Note that the temperature of air at the basement 
interior, soil surface, and water table are characterized 

by a mean, an amplitude, and a phase lag. Even 
though the above equation applies to any angular 
frequency, the examples and analyses presented 
throughout this section will assume annual frequency 
(i.e. w = 1.992 x lo-’ rad s-l). 

The conductance values h,(x) and h,,(y) account 
for the convective film coefficient at the inner surface 
of the slab, the insulation U-value, and the foundation 
material conductance, for floor and walls, respec- 
tively. The values of h,.(x) and h,,(y) vary along the 
foundation surfaces. In this paper, stepped functions 
are assumed for both hf and h,, as illustrated in Fig. 
l(b) and Fig. l(c). 

At locations far from the basement (x = +L), the 
soil temperature, T,, is undisturbed and is a function 
of only depth y and time t. 

In steady-periodic conditions, the solution T(x,Y,t) 

of equation (l), can be obtained from a complex tem- 
perature T(x, y) solution of the following Helmholtz 
equation : 

(2) 

with 

6 = J(ic&). 

The boundary conditions of equation (1) become : 
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ai: 
- = Hr(x)( i;, - F) 
(7). 

for.), = c and 1 .Y 1 < u 

k, g = H,, (J)( T”- -i,) for _r < c and 1 .Y / = cr 

F= ?% fory=Oand II/ >u 

T1= FL, for / x 1 = L 

x sin x,, (x + a) 
sinh x:,(c -1,) 

sinh xk~ 

g,Z sin x,,(-Y + u) 

sinh x;,J~ 2 +’ [I-(-l)“(h-C)i’h] 
xw+(.Ti. c ~ v 

II //= I ii, 

F= Fu forJ,=h 

where H,(x) = &(x)/k, and H,,(J) = h,,(v)/k,. Physi- 

tally, the value of 1 /Hf represents the equivalent thick- 
ness of a soil layer that would have a &value equal 
to hf. Similar interpretation can be given to the value 
of 1/H,,. 

sinh ii, (X + L) 

sinh[:,(L-a) 

where 
In the formulation of equation (2) the water table 

temperature FW can be set to zero without loss of 
generalization. The water table temperature will 
become the origin of temperature. 

In order to solve the Helmholtz equation (2), the 
lnterzone Temperature Profile Estimation (ITPE) 
technique will be used. As indicated in Fig. l(a). the 
ground can be divided into five zones imposed by the 
basement geometry. Since the basement configuration 
has an axial symmetry around .Y = 0, the deter- 

mination of the temperature variation in zones (I), 
(II), and (III) will be sufficient. Furthermore, the tem- 
perature profiles at the surfaces x = -a and J = c are 

functions of y and X. respectively : 

and 

T(-a,y)=fii,r) c<y<b 
.c/n = g(x) sin~~,(x+a)ds. 

T(x, c) = ,g(x) -L<x< -a. The Fourier coefficients .fi, g., C,,, and D,, defined 

Using the separation of variables technique, the 
above are determined from the required continuity of 

solution in zone (I) is 
the heat flux along the surfaces .K = -a and J = c~. 

First, the third kind boundary condition of equa- 
tion (2) at J = c states that : 

8, 

8.v ,~( 
= H,(x)( FI - f) 

or, using the expression (3) for the temperature Fi : 

In zone (III), the solution is given by 

+ (b-c) 
_L,,Cp +i (b-c)‘b sin\, (r__c) I8 . 

,I = 1 V,3 

sinh vh(x+a) 

sinh V~(U - L) 
(4) 

The expression for the temperature in zone (II) 
takes a more complex form : 

Multiplying this equation by cos ,LL,,X and 
grating over the interval [0, a] gives : 

c,, = u; + +f &f, + 2 K,,C,, 
n== I Il = I 

with 

(6) 

inte- 

(7) 
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2 (- l)%PP -p 
“‘= (b-c) (,~;+v;*)(Z&+@oth&(~-c)) 

and 

1 c =- (Hfe - Iif,) 

‘W a (& +&coth&(b-c)) 

( 

sin& - @,)Ca + sin@, -+ @d 

x (K-&P) 1 (!&+&I) . 

The third kind boundary condition of equation (1) 
at x = -a can be written as follows : 

GI 
ax ‘=-_u 

=ffwJJM~-~,) 

or, using the expression (5) for the temperature FIi;,, : 

& “g (( - 1)” - l)E sin;Vh;,;y) 
n 

sinh xi,y 

’ (L--a) n = , xgn sinh &c 
L’c” ~ 

x ~~~,[l-(-l)“(l-~)]~~~sin~~~~_-n) 

+ 2 +g, i,D,cothr:,(L-a)sini,y 
n 

= H,,,,(x) z - tn+f D,sin {,,y 
i -1 > 

. @I 

Multiplying this equation by sin &,y and integrating 
over the interval [O,c] gives a system of linear equa- 
tions : 

D, = a,” + +f P&A + +c y:p:,g, (9) 
n=* ?I= i 

with 

1 

‘,” = (~~,+~~coth~~(L-~~) 

i 

(-l)p(b-c)fS 

’ bsinh&(L-a) 
- FS coth&(L-a) 

+H_(l-~i,e)~+~~,(cOSherf-l)F)~j 

%P = ; (H i +‘~~~~h~~L _ a)) 
w P P 

x i 

Win - i,k + sin& + i,)e 
(ill -42 i,+g 1 

and 

“’ = 

2 (- l)pX& -~ 
(L--a) (H,,+[;coth[;(L-a))(&* -t[;)’ 

For x = -a, ilux continuity states that 

After a computation procedure similar to that fol- 
lowed for the third-boundary conditions, equation 
(10) leads to : 

with 

&f _ 2 P-4 

p (L-a) b 

2 
’ v,,sinhv;(L--a)(tanhv;a+cothv;(L-a)) 

2 f __- Yn.p - 
(L-a) 

V&n 

’ (v,“+x:*)(tanhv~a+cothv;(L-a))’ 

The condition of the heat fiux continuity at the 
surface y = c is expressed by : 

(12) 

This condition yields a system of equations of the 
form : 

where 

1 

” = xp(coth$,c+coth~;(b-c)) 

-P 
x -..--!- +(1 -c/~)(-l~~*cothx~c 

sinh x;c 

(l-cJb)C 

- sinhx#-c) I 

P3;, = - -_.2-- V”XP 

(b--d (v:*+~;)(cothx;c+coth$#+-c)) 

2 
3)& = - - t - l)“i.& 

c (cothx;c+coth$(b-c))(&‘+$) 

The Fourier coefficients f,, gP, C,,, and D, are deter- 
mined by truncating the sums in (7), (9}, (II), and 
(13), to Nterms. By doing so, a system of4Nequations 
with 4N unknowns cf,, f2, , fN; g,, g2, 
G, ..a> D ) is obt’iie?kk C,; and D,, D,, . . . . ,,, . . 
system can be easily solved using standard methods 
(e.g. Gauss-Jordan elimination). 
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FIG. 2. Earth te~npe~ture isotherms around an uni~s~~l~te~ basement for (a) wintertime, fb) s~ll~l~~~~tirn~ 

3. TEMPERATURE DISTRIBUTION 

Figures 2-6 show the soil temperature field around 
a rectangular basement on 15 January (winter) and 
15 July (summer). The basement has a width of 
2n = 10 m and a depth of c = 2 m. The interior air 
temperature of the basement is kept constant at 
T, = 2’C, while the soil surface temperature varies 
sinusoidally with time as T,(“C) = 16-7 cos((~~f) 
where tl) = 1.992 x lO_” rad s ’ is the annual angular 
frequency. A water tabIe exists at a depth b = 5 m and 

has a constant temperature T, = 16 C. The soil has a 
thermal conductivity of k, = 1.0 W rn- ‘K -‘. and a 
thermal diffusivity of #, = 6.45 x 10 ’ m’ s ‘. 

Five different insulation configurations are con- 
sidered : 

(i) Uninsulated basement, Fig. 3. 
(H,, = H,, = H,,, = Hfe = IO m I.1 

(ii) Basement with partial insulation over the top I 
m of the wall, Fig. 3. 
(H,, = 0.5 in. ’ : H,, = Him = H,, = 10 m i : 
c = 1 m.) 
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FIG. 3. Earth temperature isotherms around a basement with 1 m-long partial wall insulation for (a) 
wintertime, (b) summertime. 

Basement with insulation over the full height of 
the wall, Fig. 4. 
(H,, = H,,., = 0.5 m-‘; Hfm = Hf, = 10 m-l.) 
Basement with insulation over the full height of 
the wall and partial insulation along 1 m of the 
floor perimeter, Fig. 5. 
(Hwt = H,, = Hfe = 0.5 m-’ ; Hf,,, = 10 m-’ ; 
d=4m.) 
Basement with uniform insulation over the walls 
and along the floor, Fig. 6. 
(H,,, = H,, = Hfe = Hfm = 0.5 m-‘.) 

The effect of gradually adding insulation along the 
basement envelope on winter and summer soil tem- 
perature fields is shown in Figs. 2-6. Generally, the 
insulation reduces the magnitude of temperature 
change along the basement envelope. In the unin- 
sulated case during wintertime (Fig. 2(a)), the tem- 
perature at the top portion of the basement wall varies 
abruptly from 9°C to 18°C within 0.2 m of the soil 
surface. This sudden change in temperature indicates 
a high rate of heat transfer between the ground and 
the upper portion of the basement walls. On the water 
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FIG. 4. Earth temperature isotherms around a basement with full wall insulation for (a) wintertime. (b) 
summertime. 

table surface about 7.5 m from the basement center, 
a double point exists. This double point marks the 
meeting of the water table surface (kept at the tem- 
perature 16’C) and the soil isotherm of 16°C. To the 
left side of the double point, the water table receives 
heat from the basement envelope, while to the right 
side, the water table loses heat mostly to the soil 
surface. Figure 2(b) indicates that during the summer, 
the upper portion of the walls is warmer than the 
remaining basement envelope. At about mid-section 

of the walls, a double point appears. Above this dou- 
ble point, the basement walls gain heat from the 
warmer soil surface. Meanwhile, below the double 
point, the basement envelope loses heat to the colder 
water table surface. 

When insulation is added to the upper half of the 
basement walls, the wintertime soil temperature 
decreases, especially in the vicinity of the soil surface- 
basement wall joint (Fig. 3(a)). In very cold &mates 
where soil surface temperature is below freezing, the 
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Fro. 5. Earth temperature isotherms around a basement with full wall insulation and l-m wide floor 
insulation for (a) wintertime, (b) summertime. 

foundation area affected by frost increases as insu- 
lation is added to the interior of basement walls. Fig- 
ure 3(a) shows also that the temperature gradient 
along the upper portion of the walls is reduced imply- 
ing a decrease in heat loss. In addition, it is interesting 
to note that the double point on the water table surface 
moved closer and is now about 7 m from the basement 
center. This new double point location indicates that 
the water table is thermally more affected by the soil 
surface than the basement envelope. The effect of wall 
partial insulation on the summertime soil temperature 

edge 

field is shown in Fig. 3(b), Except for a slight in- 
crease in the tem~rat~e of the upper portion of the 
basement wall, the soil temperature distribution is 
not affected by the partial wall ins~ation during 
summer. 

As the insulation is extended to full wall height, the 
decrease in wintertime soil temperature continues in 
the vicinity of the basement walls (Fig. 4(a)). The 
temperature gradient and thus heat flux along the 
basement walls has also decreased. However, the tem- 
perature gradient at the basement floor edges has 
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FIG;. 6. Earth temperature isotherms around a basement with uniform insulation for (a) wintertime. (b) 
summertime. 

increased as a result of the full wall insulation. The 
double point at the water table continues to move 
closer to the basement center. During the summer 
(Fig. 4(b)), soil temperature in the vicinity of the 
basement wall varies almost linearly with depth. In 
particular, the double point of the basement wail has 
moved upward indicating that the thermai interaction 
between soil surface and basement is reduced. 

Figure 5(a) shows the wintertime soil temperature 
distribution when insulation is placed along the full 
height of the walls and along a I m wide strip of the 
floor. As expected, the temperature gradient in the 

vicinity of the basement floor edges is reduced. In 
addition, the temperature of the lower portion of the 
wall has increased slightly as a result of the partial 
floor insulation. During the summer, the temperature 
is reduced at the floor-wall corners as indicated in Fig. 
5(b). Notice that soil temperature field beneath the 
basement floor center stays almost unchanged 
throughout the year. Indeed, the center of the base- 
ment floor interacts strongly with the water table sur- 
face which has a constant temperature. 

When insulation is placed uniformly on the entire 
basement envelope surface, the floor temperature is 
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reduced during both winter and summer as illustrated 
in Fig. 6. The floor temperature varies between 19°C 
(at the center) and 17°C (at the edges) during winter- 
time, and between 19°C (at the center) and 18°C (at 
the edges) during summertime. Figure 6(a) indicates 
that the water table double point is now less than 6 m 
away from the basement center. Thus the added full 
floor insulation reduces the extent of water table area 
that receives heat from the basement. 

4. TOTAL BASEMENT HEAT LOSS 

The time variation of total basement heat loss Qf(t) 
has two parts : steady-state, Qf,sr and transient Qr,, : 

QdO = Qf., + WQf,, e’wr). (14) 

Both Qss and Qf,t are obtained from the complex 
amplitude of the total basement floor heat loss Qr. 

-&((a-*)T$+i r:>((-1)“fsinp.d)) . (15) 
n n 1 

Similarly, the total heat loss from one basement 
wall, Q,,,,(t), is obtained as follows : 

Qwa(O = Qw.,s + WQwa,t e’w’) (16) 

with Qw,,, and Qwa,t obtained from : 

+(H,,-H,,)~e+H,,~c. (17) 

Figure 7 shows the monthly basement floor and 
wall heat loss for four (4) insulation configurations : 

(i) No insulation 
(H,,,, = H,, = Hf, = Hf, = 10 m-l). 

(ii) Partial wall insulation 
(H,, = 0.5 mm’ ; HwI=Hf~=Hr~=lOm~‘; 

e= lm). 
(iii) Full wall insulation 

(H,, = H,, = 0.5 m-‘; Hf, = Hf, = 10 m-l). 
(iv) Full basement insulation 

(H,,,, = H,,,, = Hf, = Hf,,, = 0.5 mm’). 
In this section and Section 5, unless it is otherwise 

mentioned, the basement geometry, soil thermal 
properties, and temperatures are the same as those 
used in Figs. 2-6. 

Figure 7(a) indicates that, during most of the year, 
the basement wall heat loss is reduced as a result of 
adding insulation on the basement envelope. The best 
performance is achieved when walls are fully insulated 
independently of the floor insulation configuration. 
A partially insulated wall loses more heat than an 
uninsulated wall during summer months but performs 

better during the rest of the year. This results from 
the strong thermal interaction between the lower part 
of the wall and the water table. For the uninsulated 
configuration and during summertime, this inter- 
action is offset by the heat gain received by the upper 
part of the wall from the soil surface. Figure 7(b) 
indicates that the floor heat loss is significantly 
reduced only when insulation is placed on the entire 
basement envelope. Note that in the full wall insu- 
lation configuration, the floor heat loss has actually 
increased as a result of decreasing floor surface tem- 
perature at the edges (see Fig. 5(a)). 

5. PARAMETRIC ANALYSIS 

Figure 8 shows the effect of the partial wall insu- 
lation length (measured from the soil surface level) on 
wall annual heat flux. The annual variation of heat 
flux from a basement surface is characterized by three 
parameters : mean, amplitude, and phase lag (relative 
to soil surface temperature variation). As indicated in 
Fig. 8, as the partial insulation increases, the mean 
and amplitude of basement wall heat flux decreases. 
However, the phase lag increases from 7” (which cor- 
responds to a time lag of 7 days) when the wall is 
uninsulated (i.e. e = 0 m) to a maximum of about 13” 
(i.e. a time lag of 13 days) when the insulation length 
is e = 1.5 m. The time lag decreases to 10 days as the 
partial wall insulation continues to increase to full 
basement height. This phase lag behavior occurs 
because of the conflicting action of both soil surface 
and water table on heat loss from basement walls. As 
longer partial insulation is placed along the basement 
wall, the effect of soil surface temperature on wall heat 
loss decreases while that of the water table increases, 
resulting in an increase of time lag between the wall 
heat flux and soil surface temperature. When the insu- 
lation is long enough to shield the lower part of the 
wall from the influence of the water table, the relative 
effect of soil temperature increases, resulting in a 
decrease of the wall heat flux time lag. The effect of 
partial wall insulation length on floor heat flux is 
minimal. Increasing the wall insulation length results 
in a very slight increase of the mean and amplitude, 
and in a negligible decrease of the phase lag of floor 
heat flux. 

The effect of the U-value of the partial wall insu- 
lation of 1 m length on basement wall heat flux is 
illustrated in Fig. 9. As the thermal resistance of the 
insulation increases, that is as the H,,-value decreases, 
the mean and amplitude of basement wall heat flux 
decreases, while the phase lag increases. For perfect 
insulation (i.e. H,,,, = 0 m-l), the time lag between 
soil surface temperature and wall heat flux reaches a 
maximum value of about 18 days. The effect of the U- 
value of 1 m long partial wall insulation on floor heat 
loss is insignificant and therefore is not shown. 

Figure 10 illustrates how the basement envelope 
heat fluxes vary with the basement depth c, when the 
wall is fully insulated. As shown in Fig. 10(a), the 
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FIG. 7. Effect of insulation placement on the annual variation of (a) basement wall heat Loss, (b) basement 
floor heat loss. 

mean and amplitude of the heat loss per wall unit area 
are higher for shallow basements (i.e. c < 1 m) than 
for deep basements (i.e. c > 2 m). However, the time 
lag increases with depth of the basement as a result of 
increasing effect of the water table on wall heat flow. 
The basement depth affects even more significantly 
the heat flux from the floor. Indeed, Fig. 10(b) shows 
that while the mean and phase lag of the floor heat 
flux increases, the amplitude decreases as the base- 
ment depth increases. This behavior is the result of 
the assumed constant temperature water table below 

the basement floor. The deeper the basement is. the 
closer the floor is to the water table, and the stronger 
is the effect of the constant water table temperature 
on the heat flow from the basement Boor. 

6. SUMMARY AND DiSCUSSION 

A general analytical solution for steady-periodic 
heat transfer between partially-insulated basements 
and ground has been developed using the ITPE tech- 
nique. Even though annual frequency was assumed 
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FIG. 8. Variation of the basement wall heat loss annual mean, amplitude, and phase lag as functions of the 
wall partial insulation length, e. 
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FIG. 9. Variation of the basement wall heat loss annual mean, amplitude, and phase lag as functions of the 
wall partial insulation &-value. 

throughout the analysis presented in the paper, the 
solution can be applied to any frequency. In particu- 
lar, the hourly effects on foundation heat transfer of 
indoor temperature fluctuations can be determined 
using the analytical solution developed in this paper. 
For unheated basement or crawlspaces, the daily and 
seasonal indoor temperature fluctuations are sig- 
nificant. Thus, large errors in calculating ground heat 

loss would result when unconditioned foundations are 
modeled using a constant air temperature. 

Analysis of wintertime temperature distribution 

within the ground has shown that wall insulation 
reduces the soil temperature in the vicinity of the 
upper wall section. This reduction in soil temperature 
increases the potential for foundation frost damage in 
very cold climates. As mentioned during the model 
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FIG. 10. Variation of the heat loss annual mean, amplitude, and phase lag as functions of the basement 
depth, c, for (a) basement wall. (b) basement floor. 

formulation, the results obtained here apply mostly to 
interior insulation placements. To avoid the risk of 
frost-heave damage to the foundation, it is rec- 
ommended to place the insulation outside the base- 
ment wall. 

In addition, the analysis of both soil temperature 
field and monthly basement heat loss has indicated 
that during the summer two conflicting interactions 
affect the heat flow from the basement : heat gain from 
the soil surface and heat loss to the water table. The 
cooling benefits of the basement are highest when only 

the upper portion of the walls are insulated. However. 
a fully insulated basement guarantees better winter 
performance for both floor and walls. Thus, to prop- 
erly determine the optimum basement insulation con- 
figuration, both the cooling and heating benefits 
should be taken into account. 

Parametric study of heat Ioss from basement floor 
and walls indicated that the time lag between soil 
surface temperature and wali heat loss--typically on 
the order of few days-increases significantly with 
basement depth and with partial wall insulation U- 
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value. The same increase is obtained by increasing the 
partial wall insulation length as long as this length is 
less than 1.5 m (for a 2 m deep basement). The time 
lag between soil surface temperature and floor heat 
loss is in the order of one to two months and is mostly 
affected by basement depth, floor insulation U-value 
(and/or length), and the water table depth. 
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