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Table 4. Hot water energy use per person (kWh/per day) in the four buildings of SV-3 

Weekdays 
Weekends 
Mean annual 

Building UAA 

0.76 
0.96 
0.82 

Building UDC 

0.83 
J.16 
0.92 

Greek families. This is the reason that these patterns 
do not coincide with those proposed by researchers of 
other countries, like Perlman and Mills (1985) in Can
ada or Merrigan (1988) in the U.S.A. 

Figures 2(a) and 2(b) show the average hourly hot 
water use pattern over weekdays and weekends, re
spectively. The weekday peak appears at 22:00, and 
the weekends peak at 18:00. The weekend pattern is 
most uniformly distributed. 

Figure 3 illustrates the effect of family size on the 
average hot water consumption. The results of the 
study showed that the average hot water use per person 
and day reaches a peak at a family size of two or three 
persons and declines slightly for larger families. When 
the maximum hot water use per person is considered, 
families with four members consume more than the 

others . 
Further analysis indicated that the members of most 

families consume between 25 and 35 It/per day (see 
Fig. 4) and the overall average hot water consumption 
per person is 32.2 It/day. This value agrees with the 
results of Pafelias (1988) after measurements in 13 
thermosiphon systems in Greece. The majority of the 
families, approximately 74%, consume less than 40 
It/per day and 64% of the families consume less than 
35 lt/per day. 

Figures 5(a) and 5(b) show the average hourly hot 
water energy use pattern over weekdays and week
ends, respectively. These patterns differ only slightly 
from the hot water use patterns and have the same 
characteristics. The energy consumption per person 
and day is given in Table 4. The maximum consump
tion appears during weekends and the average daily 
consumption by day of the week is given in Fig. 6. 
It is important to note that the mean annual daily 
consumption is only 0.83 kWh per person. 
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Fig. 6. Average daily hot water energy use per person-by 
day (all families). 
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There is scope for further research in this area, 
using the present results as a base. The analysis of the 
data from the monitoring of the other building of SV -
3, as well as from the monitoring of individual appart
ments, could extend the present level of knowledge 
in this topic. Further analysis could also be done on 
the effect of various influencing factors, such as season 
of the year, composition of the families, age of the 
persons, presence of the members of the family in 
house, and use of various appliances that consume hot 
water. Using the same data, a parallel study could be 
done on the energy use patterns associated with hot 
water use in each season of the year. The knowledge 
of the hot water use pattern and the daily energy use 
are important in the design of central hot water sys

tems. 
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Abstract-The use of eanh to air heat exchangers has gained an increasing acceptance during the recent 
years. However. there is a lack of calculation models coupling the perfonnance of the exchangers with Lhe 
building. The present paper deals with the development of a new inLegrated method 10 calculate the 
contribution of tho eanh 10 air heat exchangers to reduce the cooling load of the buildings. The method is 
based on the principle of balance point temperature and permits the calculation of the hourly value of the 
balance temperature of the building as well a. the daily cooling load of the building and the contribution 
of the buried pipes. An extensive validation procedure has been followed using data from an extended 
version of TRNSYS including detajled routines to simulate dynamically the perfonnance of eanh to air 
heat exchangers. lt is found that the method is of sufficient accuracy and, therefore. can be used during 
the predesign and design phase for the dimensioning of the buried pipes. 

1. INTRODUCTION 

The use of the ground for heating and cooling of build
ings has gained an increasing acceptance during the 
last years. Earth to air heat exchangers consist of pipes 
buried in lhe ground where air is forced in order to 
be heated or cooled and then is circulated inside the 
building. Recent applications and studies have shown 
that the use of earth 10 air heat exchangers, appropri
ately coupled wit.h buildings, can provide an important 
part of thefr heating and cooling load, (Tombazis et 
al., 1990; Trianiis et al., 1993; G. Agas et al. , 1991 ). 

The u e of such a system requires a difficult dimen
sioning process which involves optimisation of vari
ous parameters such as the airflow, leng th, depth, and 
diameter. Various algorithms to calculate tJ1e perfor
mance of a single or multiple earth to air heat ex
changer have been proposed ( Mihalakakou et al., 
1994a; G. -Schiller; 1982; Santamouris· arid Lefas, 
1986; Lev it er al. , 1989; Chen et al., 1983). A compar
ative anaJysis of !he accuracy of the eight differen1 
algorithms predicting the performance of earth to air 
heal exchangers is given by Tzaferis er al ( 1992 ) . 

Calculation of the 1hermal perfonnance of build
ings using such a system requires coupling of exact 
build ing simulation codes such as TRNSYS. ESP, 
DOE, e tc. with appropriate rout.ines simulating the 
perfonnance of the. exchangers. Although there have 
been important research efforts on this topic ( Mihala
kakou, 1994; Clarke, 1994) , the existing simulation 
tools have not yet included such a kind of routine, or 
the <leveloptd prototypes are not commercially avail
able. Also, possible use of such combinations is appro
priate during 1he detailed design phase and requires 
important calculation efforL Therefore, there is a need 
for the de~elopment of accurate, integrated codes to 
caJcuJate the contribution of the earth to air heat ex
changers to the building ' s cooUng load. 

The present paper deals with the development of 
such an integrated code. The presented algorithms are 
based on the well known principle of "Balance Point 
Temperature," (Kusuda, 1976) and are validated 
against extensive and detailed simulations and experi
mental data. The method can be used easily to calcu
late the contribution of the earth to air heat exchangers 
to the reduction of the cooling load of the buildings. 
The method is more reliable for the predesign phase 
of the building, and can be very useful during the 
decision process. For the final stages of the design, 
exact simulation tools can be used if necessary (Miha
lakakou et al .. 1994a) . 

2. DESCRIPTION OF THE ALGORITHMS 

The instantaneous cooling load, Qc. for an A/C 
building can be written as following 

where k is the building load coefficient (W /C) . T0 is 
the ambient temperature (C), T1 is the indoor tempera
ture (C), Q, is the critical part of the solar "gains" 
entering to the building through transparent and 
opaque elements in (W) , and Q,. Is the critical per
centage of rhe internal gains (W ). 

Critical is defined as that part of the solar or inter
nal load !hat contributes to the cooling load of the 
building. It is mainly the function of the building' s 
thermal capacitance, operating schedule, shading, rype 
of glazing, etc. Some methods to calculate the critical, 
or "useful," level of the solar and internal load have 
been proposed by Bida and Kreider ( 1987) , ASHRAE 
(1991) and Baker (1987 ) . If QT = Q, + Q1., then: 

Qc == [k(To - T;) +QT]+. (2) 

If a baJance temperature, Tb is used where: 

375 -

AIVC 10901 

,; 



376 M. SANTAMOURIS et al. 

Table 1. Characteristics of buildings simulated to calculate the cooling load 

Floor Surface Set Point 
Number (m2) Characteristics Temperature (C) 

1 100 Noninsulated, 8 cm of concrete, 3 ach 26 
2 100 As above 27 
3 100 As above 28 
4 100 As above 29 
5 100 Well insulated, 4 cm of concrete + 10 cm of insulation + 4 cm of 26 

concrete, I ach 
6 100 As above 27 
7 100 As above 28 
8 100 As above 29 
9 2500 Well insulated, 4 cm of concrete + I 0 cm of insulation + 4 cm of 26 

concrete, 1 ach 
10 2500 As above 27 
11 2500 As above 28 
12 2500 As above 29 
13 10000 Well insulated, 4 cm of concrete + 10 cm of insulation + 4 cm of 26 

concrete, 1 ach 
14 10000 As above 27 
15 10000 As above 28 
16 10000 As above 29 
17 400 Well insulated, 4 cm of concrete + 10 cm of insulation + 6 cm of 26 

concrete, J ach 
18 400 As above 27 
19 400 As above 28 
20 400 As above 29 
21 400 Walls: Precast sandwich consisting of 75 mm dense concrete, 25 26 

mm expanded polystyrene and 150 mm lightweight concrete. 
Roof: 15 mm .Asphalt, on lightweight concrete screed, 75 mm on 
dense concrete 150 mm. I ach day and night. 

22 400 As above 27 
23 400 As above 28 
24 400 As above 29 
25 900 As above 26 
26 900 As above 27 
27 900 As above 28 
28 900 As above 29 
29 900 As above but 0.1 ach during night 26 
30 900 As above 27 
31 900 As above 28 
32 900 As above 29 
33 10000 Opaque Elements: 4 cm dense concrete, 10 cm polystyrene, 4 cm 26 

dense concrete. 20 sq. m of south window. 
34 900 As above 27 
35 900 As above 28 
36 900 As above 29 
37 900 Opaque Elements: 4 cm dense concrete, JO cm polystyrene, 4 cm 26 

dense concrete. 10 sq. m of south window. 
38 900 As above 27 
39 900 As above 28 
40 900 As above 29 

(3) 

the instantaneous cooling load can be calculated as a 
linear function of the outdoor temperature T0 • 

Based on the above well-known theory, the instan
taneous cooling load, Qcb• of a building equipped with 
earth to air heat exchangers can be written as follow
ing: 

(4) 

The daily or monthly cooling load, Qcm • can be 
calculated by integration of eqn ( 4) over a day or a 
month. Therefore: 

(5) 

where CDH(Tb) are the cooling degree hours based 
on the hourly value of the balance temperature, Tb, 
for a day or a month, respectively. 

where Q8 p is the rate of energy offered from the buried 
pipes. Also, it is defined: 

(7) 

where Tpb is the balance temperature for buildings 
equipped with buried pipes. Therefqre, the cooling 
load is given by the following expression: 
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Fig. 1. Comparison of the predicted cooling load of buildings without the use of earth to air heat exchangers 
using TRNSYS and the present method. 

(8) 

The daily or monthly cooling load, Qcbp• can be 
calculated by integration of eqn ( 8). Therefore, 

(9) 

where CDH(Tpb) are the daily or monthly modified 
cooling degree hours for buildings equipped with bur
ied pipes calculated by the following expression: 

CDH(Tpb) =I: (To - Tpb)Si 

Si =o l if To > Tpb 

Si = 0 if To :s Tpb· (10) 

For the calculation of the rate of energy offered by the 
buried pipes, Qar. the following expression is used: 

Qar =me DDBP/t ( 11) 

where m and c are the-mass flow rate and the specific 
heat of the circulated air, respectively. Also, / is the 
operational period of the exchangers, and DDBP are 
the degree hours for buried pipes defined as following: 

Si = 1 if T0 > Tbpx and Ti > Tbpx 

S j = 0 if T0 :S Tbpx 

Si = 0 if. To > Tbpx and Ti < Tbpx (12) 

where Tbpx is the exit temperature of the air from the 
pipes. The buried pipes degree hours are calculated 
for the entire daytime period. For climates with warm 
nights, DDBP can be calculated for the whole day with 
a nonzero cooling load during that period increasing, 
therefore, the time, t, of eqn ( 11 ) . 

Therefore, the percentage of the contribution of the 
earth to air heat exchangers to the cooling load of the 
building is equal to: 

(13) 

To calculate the exit air temperature from the bur
ied pipes, Tbpx, simplified or detailed simulation meth
ods can be used (Mihalakalou el al., 1994a; Schiller, · 
1982; Santamouris and Lefas, 1986; Levit el al., 1989; 
Chen et al., 1983). An accurate and easy way to apply 
the parametric prediction model is proposed by Miha
lakakou et al (I 994a). According to this model a 
dimensionless coefficient, U, is defined: 

(14) 

where T bpx, Tin, and Tund are the air temperature at the 
pipe's outlet, the air temperature at the pipe's inlet, 
and the undisturbed soil temperature, respectively. 
The U value, and respectively Tbpx. is calculated by 
the following expression: 

U = U~r(L)CF (15) 

where U,cr( L) is a reference value of U calculated for 
standard values of air flow rate and depth and CF is 
a correction factor. The value of U,01 for a specific 
length, L, is calculated from the following expression: 

where a; is the coefficient given by Mihalakakou et 
al. ( l 994c). Also, the correction coefficient CF is the 
calculated by the expression: 

CF= [ho+ b1(D) + b2 (D) 2 

+ b3 (D) 3
] X [c0 + c 1(SV) 

+ C2(SV) 2 + C3(SV) 3] (17) 

where D is the depth of the buried pipe below the 
earth surface and SV is the air volume through the 
exchanger. The values of bi and ci for various L, SV, 
and D are given by Mihalakakou et al. ( l 994c). The 
me_thod is validated against an extensive set of experi
mental data and is found to be sufficiently accurate. 

- .. ~ -
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Table 2. Characteristics of buildings simulated to calculate the cooling load when earth to air heat exchangers are used 

Floor 
Surface 

Number (m2) 

1-4 100 

5-8 100 

9- 12 2500 

13-16 10000 

17- 20 400 

21-32 900 

33-44 900 

45-56 900 

57-68 900 

69-80 900 

81-92 900 

93-104 900 

105-117 900 

118-129 900 

130-141 900 

142-153 900 

154-165 900 

166-182 900 

183-194 900 

195-206 900 

207-218 900 

219-230 900 

231-242 900 

243-254 900 

255-266 900 

267-278 900 

279-290 900 

291-302 900 

Characteristics 

Noninsulated, 8 cm of concrete, I ach, 2 heat exchangers. Depth: 1.5 m. Air Speed: 
8 m/sec. Length: 20 m. Diameter: 20 cm. 

Roof+ walls: 4 cm of concrete + 10 cm of insulation + 4 cm of concre_te, I ach. 
2 heat exchangers. Depth: 1.5 m. Air speed: 8 m/sec. Length: 20 m. Diameter: 

20 cm. 
Well-insulated, 4 cm of concrete + 10 cm of insulation + 4 cm of concrete, 1 ach. 

3 heat exchangers. Depth: J .5 m. Air speed: 8 m/sec. Length: 20 m. Diameter: 20 

~- h 
Well insulated, 4 cm of concrete + JO cm of insulation + 4 cm of concrete, I ac · 

3 heat exchangers. Depth: 1.5 rn. Length: 20 m. Diameter: 20 cm. 
Walls: Precast sandwich consisting of 75 mm dense concrete, 25 mm expanded 

polystyrene and 150 mm lightweight concrete. 
Roof: Asphalt J 5 mm on lightweight concrete screed 75 _mm on dense concrete I ~O 

mm. Day: I ach, Night: 5 ach. Use of three earth to alf heat exchangers. Depth . 
J .5 m. Air speed: 8 m/sec. Length: 20 m. Diameter: 20 cm 

Opaque Elements: 4 cm dense concrete, I 0 cm polystyrene, 4 cm dense concrete. 
JO sq. rn of south window. Use of tw~, three,_ and five heat exchanger, Depth. 3 
m. Length: 30 m. Diameter: 25 cm. Air velocity: 8 m/sec. • 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 20 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. · 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 40 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 45 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers . Depth: 3 m. Length: 50 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 60 m. 
Diameter: 25 cm. Air velocity: 8 m/sec . 

Sarne building. Use of two, three, and five exchangers. Depth: 3 m. Length: 60 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 20 cm. Air velocity: 8 m/sec. 

Sarne building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 30 cm. Air velocity: 8 m/sec. 

Sarne building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 rn. 
Diameter: 36 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 40 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 5 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 9 m/sec . 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 7 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 3 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 10 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 2 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 4 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 4.5 m. Length: 30 
m. Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 5 m. Length : 30 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 5.5 m. Length: 30 
m. Diameter: 25 cm. Air velocity : 8 m/sec. 

Same building. Use of two, three, and five exchangers. Depth: 6 m. Length: 30 m. 
Diameter: 25 cm. Air velocity: 8 m/sec. 

Set Point 
Temperature 

(C) 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26. 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

26, 27, 28, 
29 

3. VALIDATION PROCEDURE AND RESULTS A/C buildings coupled with earth to air heat ex
changers, comparisons of the calculated monthly cool
ing load have been performed for various types of 
buildings and configurations. Calculations have been 

I~ order to verify the accuracy of the previously 
proposed algorithms to calculate the cooling load of 
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performed using the previously described algorithms 
and an extensive version of the TRNSYS simulation 
programme (TRNSYS, 1990) coupled with algo
rithms to simulate dynamically the performance of the 
earth to air heat exchangers. 

As a first step, and in order to validate the accuracy 
of the algorithms to calculate the cooling load of build
ings before coupling with the earth to air heat ex
changers, the cooling load of buildings has been calcu
lated using the algorithms presented in eqns ( 1-5) 
and then TRNSYS. The main characteristics of the 
simulate.d buildings are given in Table 1. The method 
proposed by Baker ( 1987) to calculate the useful solar 
and internal gains in a daily basis is used. All simula
tions have been carried out considering that buildings 
are continuously thermostatically controlled. For the 
majority of the studied buildings, indoor temperatures 
during the night were lower than the set point tempera
ture and, thus, buildings were free-floating during the 
night. However, as the method is based on hourly 
calculations, the fact that buildings may operate as 
free-floating during a time period is already taken into 
account in the calculation of the cooling degree hours 
and, thus, the accuracy of the method is not affected. 

The results of the monthly as well as of the annual 
cooling load as calculated by TRNSYS and the present 
method are given in Fig. 1. As shown there is a very 
good agreement between the two sets of data. Regarding 
the annual cooling load, the absolute difference between 
the two sets of values is between 0.0 and 15% with a mean 
value close to 6.3%. The absolute difference between the 
monthly predicted values is between 0.0 and 25%. 

At a second step, and in order to validate the accuracy 
of the algorithms proposed to calculate the performance 
of buildings coupled with earth to air heat exchangers in 
eqns (6-12), comparisons have been performed with a 
version of TRNSYS coupled with a transient numerical 
model describing the performance of earth to air heat 
exchangers (Mihalakakou et al., 1994a; Mihalakakou et 
al., l 994b). The transient numerical model used to 
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calculate the thermal performance of a single buried pipe, 
as well as of multiple parallel earth to air heat exchangers, 
has been developed and is presented by Mihalakakou 
(1994b) . 

Tilis model takes into account the coupled and simulta
neous movement of heat and moisture in the soil under 
a temperature gradient, as well as the vertical thermal 
stratification in the soil, which breaks down the axial 
symmetry of heat flow from the pipe. It includes a com
plete mathematical description of moisture migration 
through the soil under a thermal gradient from higher to 
lower temperature regions, while it simultaneously 
redistributes itself in reverse order due to the resulting 
moisture gradient. The natural thermal stratification is 
taken into account with ground surface boundary condi
tions. The thermal model was entirely developed inside 
the TRNSYS environment. 

The model was validated against an extensive set 
of experimental data and was found to accurately pre
dict the temperature and the humidity of the circulat
ing air, the distribution of the temperature and mois
ture into the soil, as well as the overall thermal perfor
mance of the earth to air heat exchangers. 

Three hundred and two various scenarios involving 
different building characteristics, number of pipes, in
door temperature, depth, diameter, air velocity, and 
pipe length have been performed. The studied cases 
are summarised in Table 2. Climatic data of Athens, 
Greece, have been used. 

The results of the monthly and annual cooling 
loads as obtained from the dynamic simulation as 
well as from the present method are plotted in Fig. 
2. As shown, there is a very good agreement be
tween the two sets of data. Regarding the estimated 
annual cooling loads, the obtained differences are 
between 1.0 and 8%. The higher values are pre
sented for the low cooling loads . As it concerns the 
monthly cooling load predictions, the differences 
are between 0.0 and 15%. Therefore, the proposed 
method is of sufficient accuracy and can be used 

+ 
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" 

Fig. 2. Comparison of the predicted cooling load of buildings using earth to air heat exchangers using 
TRNSYS and the present method. 
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to predict the contribution of the earth to air heat 
exchangers to the cooling load of a building. 

4. CONCLUSION 

A new integrated method to calculate the contribu
tion of the earth to air heat exchangers to the cooling 
load of the buildings is presented. The method is based 
on the principle of balance point temperature and per
mits the calculation of the hourly value of the balance 
temperature of the building as well as the daily cooling 
load and the contribution of the buried pipes. An ex
tensive validation procedure has been followed using 
data from an extended version of TRNSYS which 
includes detailed routines to simulate dynamically the 
performance of earth to air heat exchangers. It is found 
that the method is of sufficient accuracy and, therefore, 
can be used during the predesign and design phase for 
the dimensioning of the buried pipes. 
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TOW ARD A THEORETICAL LIMIT OF SOLAR CELL 
EFFICIENCY WITH LIGHT TRAPPING 

AND SUB-STRUCTURE 
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Abslra~t-:tne perform~ces of Si. - n ~ - P solar cells are calculated using the cell widlh as a arametcr 
~nd taklng mto acco~nt h~ht trapping effect and infrared light excitation due to lhe inclusion o~ a defect 
ayer near lhe n - '! ;uncuon. A model is developed to describe light confinement and optimized cell 
~ctures are ~o~s1dered . The low absorption of long wavelength photons in thin solar cells is shown to 

compe?sat . Y lhe li;&ht, confinement. Higher values of the maximum output power are obtained and 
the effect IS parncularly significant for thin base cells (H < 60 µm) with a 3 s mW -2 • l · 
of the maximum output power. · cm maxima increase 

1. INTRODUCTION 

Terrestrial utilization of silicon solar cells as a possible 
source of electric power requires the development of 
low cost devices to compete economically with con
ventional energy sources. Modelling and simulation 
tech~iques have shown that large scale manufacturing 
require new cell structures with a higher efficiency 
and a smaller material consumption. 

The optical abso.rption properties of silicon dictate 
~hat crystal cells should be made of 300 µm Si layers 
m order to optimize electron-hole pair creation ability. 
Sah ( 1986) has pointed out that the limiting efficiency 
of such structures is imposed by energy losses via 
carrier recombination resulting from transpon pro
cesses. Studies proposed by Pelanchon and Mialhe 
( ! 9~0a )_and Pelanchon (1992) of the minority carrier 
d1stnbuuon, according to the base width and to the 
base doping level, lead to the consideration of thin Si
sol~ ce_~ structures. This work results in the definhion 
of a device with higher values of the open-circuit volt
age and of lbe maximum output power. In these thin 
base solar celJs (H :s 50 µm) . the low absorption of 
long wavelength photons, which reduces the pbotocur
renr by a few mAcm- 2

• is panly compensated by the 
decrease of the bulk recombination with a back surface 
acting as a mirror for the minority carriers. The addi
tion of confinement with defect thin structures can 
theoretically improve performances. 

Li er al. (I 992 ) have reported an increase of si Ji con 
cell efficiency by the inclusion of a local defect layer 
near ~e n- p junction. consisting of a strongly modi
fied S1. material (by ion implantation [Li er al. , 1992; 
Zamnut et al., 1991]. structural deformation, etc.) This 
lay~r ~esults in sub-band gap excitation processes 
w~1ch m~oJve carrier creations by infrared light exci
t~t1ons via defect levels. ln order to avoid recombina
uon enhancement due to this substructure, which re
duces the final photocurrent.( Summonte et al.. 1992, 
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199~ ), Kuznicki er al. ( l 993a, l 993b ) proposed to 
equip the edges of the sub-structure with two L- H 
(Low-High ) interfaces with 8-doping propenies 
(around 10 20 cm- 3

). These interfaces create strong 
electric fields that drift generated electron-hole pairs 
away from the sub-structure. The optimal sub-struc
ture is likely to consist of a middle-band gap defect 
layer which allows absorption of two infrared photons 
(Rohatgi er al,, 1993 ) . Nevertheless, to be notewor
thy, this L- H improvement needs cell strucrures 
which ensure absorption of all the photons whose en
ergy is greater than the energy band gap. To obtafo 
such an absorption, when using thin base solar cells, 
the cell structure requires an optical confinement con
sisting of several reflections of photon rays inside the 
cell. This would necessitate the manufacturing of 
structures that increase internal reflection without de
grading carrier generation and collection (Rohatgi et 
al .. 1993; Tiedje er al., 1984; Luque, 1991 : Willeke 
et al., 1992; Smith er al .. 1993; Wang et al., 1990). 
Then, this light trapping yields an enhancement of the 
absorbance, a(A), for photons with energy greater 
than 1.12 eV. 

In this paper, the influence of light trapping on 
~olar cell performances is modeled. The photocurrent 
1s computed and the maximum output power is deter
mined according to the cell width for optimized cell 
par~eters_ values including parameter relationships 
wh1~h are ttnposed by current technology, cell spe~i
ficauons, and operating conditions. An optimum base 
width appears for max.imum light trapping effects. 

2. PHOTOCURRENT 

It is assumed that each photon, with energy greater 
than 1.12 e V (wavelength A :s; 1.08 µm), when ab
sorbed, creates an electron-hole pair in the cell struc
ture (absorption by free carriers is neglected). 

' ' -


