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Abstract—This paper presents the results of a multiobjective optimization of integration of the Trombe wall
in a typical residential building in Uzbekistan using a full factorial experiment. The following parameters were
used as factors of the experiment: orientation of the southern wall of a typical building, thermal resistance of
translucent fences, ratio of the surface area of the thrombus wall to the surface area of the building façade,
and air f low rate through the Trombe wall. Calculations were made for the building with three levels of ther-
mal protection under climate conditions of the city of Tashkent (Uzbekistan). The study object was a typical
one-story three-room residential building. It has been revealed that the relative dominance of the factors
within the studied range of factor values during the heating period is in the following order: orientation of the
southern wall of the building, 4.56%; thermal resistance of translucent fencing, 58.21%; ratio of the surface
area of the Trombe wall to the surface area of the building facade, 20.11%, and air f low rate through the
Trombe wall, 17.12%. On average, the optimal combination of factors makes it possible to save from 11.1–23.5
to 68.1–93.7% of the annual specific energy consumption of the building during the heating period. Reduc-
tions in CO2 emissions with the use of coal for building heating range from 2106 to 129 731 kg per year.
Depending on the investment, the simplified payback period for the integration of the Trombe wall is 12.279
to 28.445 years. Regression equations are proposed for three levels of thermal protection of the study object,
which makes it possible to determine the specific energy consumption for heating.

Keywords: solar energy, stationary heat transfer model, Trombe wall system, factorial experiment, multiob-
jective optimization
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INTRODUCTION

In 2018, the proportion of energy consumption in
buildings in Uzbekistan was about 40% of the coun-
try’s total energy balance; the average value of this
indicator throughout the world is 20% [1]. By 2050,
the area of housing stock is expected to increase to
949–987 million m2 in Uzbekistan. In turn, this leads
to an increase in energy consumption in buildings,
since about 70% of energy consumed in residential
buildings is spent on heat loads during the heating
period [2]. In this regard, attention at the national
level is paid to addressing these issues in Uzbekistan,
including the mandatory use of energy-saving tech-
nologies in the construction of all types of buildings
since 2020 [3], as well as amendments of some build-
ing codes and rules since that time [4–8]. On the other
hand, Uzbekistan has a huge potential for using
renewable energy sources, which is estimated at about
51 billion TOE; 97% of the renewable energy potential
comes from solar energy [2].

Energy consumption can be reduced at the build-
ing design stage, taking into account the full load on
heating and cooling [9], by optimizing the geometric
and thermal parameters of building fences [10], and
using methods of passive solar heating systems [11].
The use of passive solar heating methods will reduce
heat loads for cooling and heating by up to 54 and
87%, respectively [12]. A way to partially solve this
problem is the use of passive solar heating systems with
the Trombe wall [13].

The Trombe wall was first developed by Edward
Morse in the United States in the 19th century [14]
and later improved by French engineer Felix Trombe
and architect Jacques Michel [15]. The Trombe wall
consists of a translucent barrier, a ventilated or non-
ventilated air gap, and a wall made of various materials
(brickwork, concrete, etc.), which has a high heat
capacity and an outer blackened surface. The Trombe
wall is installed with orientation to the south in the
northern hemispheres and to the north in the southern
hemispheres to produce maximum solar radiation.
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128 SAMIEV et al.
The principle of operation of the Trombe wall is as fol-
lows: the sun’s rays falling on the front surface of
translucent fencing are partially reflected, partially
absorbed, and partially transmitted. The transmitted
sun rays fall on the wall surface and are absorbed. As a
result, the temperature of the wall rises and the heat is
transferred to the indoor air. It should be noted that
the Trombe wall is differently termed in different
sources, e.g., the Trombe–Michel wall, solar wall,
heat-accumulating wall, accumulating collector wall,
or simply accumulating wall [13].

Different modifications of the Trombe wall have
been proposed to date [16, 17]: classical Trombe wall;
Trombe composite wall, Trombe wall made of phase
change material, Trombe photovoltaic wall, Trombe
water wall, f luidized bed Trombe wall, air purifying
Trombe wall, electrochromic Trombe wall, and trans-
lucent insulation Trombe wall. Analysis shows that the
number of scientific articles on Trombe wall variants
published in different databases (Science Direct,
Springer Link, Taylor & Francis Online, SAGE Jour-
nals, Wiley Online Library, and MDPI) has increased
in recent years (e.g., by 10 times in 2019 compared to
2001) [13].

An energy and exergy analysis was used to study the
effect of different factors on the thermal efficiency of
the Trombe wall. An increase of parameters, such as
the air channel thickness and intensity of solar radia-
tion, to a certain level positively influences the opera-
tion of the system. It should be noted that reducing the
radiating capacity of glass coating is an effective
method for increasing the energy and exergy efficiency
[18]. Thermal characteristics of the Trombe wall were
analytically and experimentally analyzed for different
operating conditions of the ventilation holes and
occlusion device. The experimental analysis made it
possible to determine temperature f luctuations, the
heat f low, thermal delay, and air velocity near the
vents. The experimental results showed the possibility
of increasing the maximum value of the temperature
of the outer surface of the massive wall by about 75%
under similar outdoor conditions without using the
external occlusion device. At the same time, this led to
an increase in the internal temperature by 61%. The
values of the temperature of the outer surface of the
massive wall exceeded 60°C without the occlusion
device, while they decreased to 30°C or lower with the
installation of this device [19].

The use of the life cycle cost (LCC) method
revealed that the thermally and economically optimal
ratio of the surface area of the Trombe wall was 37%.
This optimal ratio reduced the LCC by 2.4% and
annual CO2 emissions to 445 kg [20].

The introduction of a thermal fin on the Trombe
wall contributes to an increase in the indoor tempera-
ture and a decrease in the temperature of the outer sur-
face of the Trombe wall. This leads to a significant
increase in the thermal efficiency of this solar system
compared to the same environment without thermal fins
[21]. Numerical simulation shows that the 0.08-m-thick
heat-storage wall made of hydrated CaCl2·6H2O salt
maintained a temperature close to the comfort tem-
perature with the lowest indoor f luctuations in indoor
temperature compared to the 0.02-m-thick concrete
wall and 0.05-m-thick paraffin wall. It was determined
that the indoor temperature varied from 18 to 22°C for
the wall made of hydrated salt compared to 15–25°C
for the other two types. Accordingly, it is recom-
mended to use this material to accumulate heat for
passive solar heating in modern buildings [22].

There are studies on passive solar heating systems
under climate conditions of Uzbekistan and Turk-
menistan. A mathematical model of the indoor ther-
mal regime using passive solar heating systems with
three-layer ventilated translucent barriers has been
developed [23]. An effect of the indicators of heat
resistance and thermal efficiency of a residential
building with the Trombe wall and Trombe wall com-
bined with heat pipes has been studied [24, 25]. Coef-
ficients of fuel replacement have been determined in
passive solar heating systems with a heat storage wall
and three-layer translucent barriers [26, 27].

It should be noted that due attention has not been
paid to studies on multiobjective optimization of inte-
gration of the Trombe wall in buildings under climate
conditions of Uzbekistan. In this study, we used the
method of a full factorial experiment for the multiob-
jective optimization of integration of the Trombe wall
in buildings. This method made it possible to find the
experimental factors that most significantly influence
the thermal characteristics of the building. In this
regard, the study also considered the influence of the
orientation of the southern wall of the building, influ-
ence of the ratio of the surface area of the Trombe wall
to the surface area of the building facade, effect of
thermal resistance of translucent fencing, and effect of
the air f low rate through the Trombe wall on a number
of parameters, such as the specific heat consumption
of the building, reduction of CO2 emissions into the
atmosphere, and simplified and discounted payback
period.

METHODS AND MATERIALS
Energy analysis. The required thermal energy for

the needs of building heating during the heating
period, taking into account the heating of the ventila-
tion air norm, , is determined by formula [28, 29]:

(1)

where  is the total heat loss of the building during
the heating period, kWh;  is the reduction of the
heat loss of the building when the Trombe wall is used,
kWh;  is the heat gain from the ventilated Trombe
wall, kWh; ν is the coefficient of heat gain reduction

h
yQ

( )[ ]= − Δ + νξ βh h gain h,yQ Q Q Q

hQ
ΔQ

gainQ
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MULTIOBJECTIVE OPTIMIZATION OF INTEGRATION 129
due to the thermal inertia of fences;  is the efficiency
coefficient of the automatic control of heat supply to
heating systems; and  is the coefficient of additional
heat consumption of the heating system.

The total heat loss of the building during the heat-
ing period [28] is

(2)

where  is the total heat transfer coefficient of the
building, W/(m2 °C);  is the number of degree-
days of the heating period, degree days; and  is
the total area of the external fences of the heated part
of the building, m2. The total heat transfer coefficient
of the building is calculated as the sum of the transmis-
sion ( ) and infiltration ( ) heat transfer coeffi-
cients

(3)
The transmission heat transfer coefficient of the

building is determined by equation

(4)

where , , , , and  are the heat transfer
coefficients for the walls, ceilings, f loors, windows,
and entrance doors of the building, respectively,
W/(m2 °C); , , , , and  are the areas of
the outer surface of the walls, ceilings, floors, windows,
and entrance doors of the building, respectively, m2.

(5)

where  is the specific heat of indoor air, J/(kg°C); ρ
is the density of indoor air, kg/m3;  is the heated vol-
ume of the building, m3; and  is the air exchange
rate, 1/s.

The total heat loss of the building with the Trombe
wall during the heating period is as follows:

(6)

The total heat transfer coefficient and transmission
heat transfer coefficient of the building with the
Trombe wall is determined by the following equation:

(7)

(8)

where  is the surface area of the Trombe wall, m2;
 is the heat transfer coefficient through the Trombe

wall, W/(m2 °C):

(9)

where  is the overall heat transfer coefficient of the
Trombe wall, W/(m2 K);  is the air f low rate
through the ventilated layer, m3/s;  is the coefficient
of thermal conductivity of the massive wall, W/(m2 K);
and  is the dimensionless parameter related to the
air layer temperature.

The reduction of heat loss  based on the use of
the Trombe wall alone in the building structure is

(10)
According to [30, 31], the heat input from the ven-

tilated Trombe wall during the heating period is

(11)

where  is the total solar radiation for the heating cal-
culation period, kWh/m2;  is the coefficient of
solar absorption of the outer surface of the massive
wall;  is the frame reduction coefficient;  is the

shading reduction factor;  is the correction factor
for nondiffusing glasses;  is the total coefficient of
transmittance of solar radiation by the translucent
fence;  is the thermal resistance of the translucent
fence between the air layer and outside environment,
m2 K/W;  is the thermal resistance of the massive
wall between the air layer and indoor air, m2 K/W; 
is the thermal resistance of the air layer, m2 K/W; and

 is the heat transfer coefficient of the translucent
fence, W/(m2 K).

Economic analysis. The annual capital saving, , is
determined from the following equation

(12)

where  is the fuel cost, USD;  is the specific calo-
rific value of fuel, kWh/kg; and  is the efficiency of
the heat source.

The simplified payback period is

(13)

The discounted payback period, , is deter-
mined by the following equation [10]:
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Table 1. Characteristics of double glasses

*The cost of double-glasses was chosen based on the data given in [34] using the regression method.

No. Glazing variants Total coefficient of solar 
energy transmittance

Reduced resistance to heat 
transfer, m2 °C/W

Cost, USD*, CTW0 

1 4M1-8-4M1 0.78 0.28 60.50
2 4M1-16-4M1 0.78 0.32 61.75
3 4M1- Ar16-4M1 0.78 0.34 62.40
4 4M1-8-K4 0.76 0.47 66.60
5 4M1-10-K4 0.76 0.49 67.20
6 4M1-16-K4 0.76 0.53 68.44
7 4M1-Ar10-K4 0.76 0.55 69.08
8 4M1-Ar16-K4 0.76 0.59 70.40
9 4M1-Ar10-I4 0.51 0.60 70.70

10 4M1-Ar12-I4 0.51 0.63 71.60
11 4M1-Ar16-I4 0.51 0.66 72.60
12 4M1-Ar12-4M1-Ar12-K4 0.72 0.68 73.22
13 4M1-Ar16-4M1-Ar16-K4 0.72 0.72 74.50

Fig. 1. Typical three-room residential building. (1)
Entrance hall; (2) common room; (3) parents’ bedroom;
(4) bedroom; (5) kitchen; (6) iwan; (7) Trombe wall.
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(14)

where  is the initial investment (cost of the
Trombe wall), USD.

(15)

where  is determined from Table 1.
The discount factor ( ) depends on inflation rate

g and interest rate i and is determined (according to
[30]) as:

(16)

where  is the inflation rate;  is the base rate; if ,
the discount factor is determined as follows:

(17)

where LC is the life cycle, years.
Ecological analysis. The amount of  emission

reduction per year can be calculated by the formula [31]:

(18)

where  is the amount of  reduction with the
use of the Trombe wall instead of the conventional wall

( )

−  −  
  =

+

1
TWln 1

DPP , 
ln 1

rC
S

r

TWC

=TW wall TW0,C ARA C

TW0C
DF

( )+ −=
+

− = >
 +× ≠ − = >
 +

LC

LC

1 1
DF  

(1 )

,  at  
1 at ,

,  at  
1

r

r r
i gr i g

g i r
g ir g i

i
i g =i g

=
+

LCDF ,
1 i

2CO

−=
η2 2

h h
CO CO

u u

44,
12

yQ QM F
g

2COM 2CO
in the life cycle;  is the factor of carbon emission
from different energy sources.

Descriptions of the Study Object

The study object was a typical three-room residen-
tial building (Fig. 1). The geometric parameters of the
residential building are given in Table 2. A ventilated

2CO F
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Table 2. Geometric dimensions of the three-room residential building

No Parameter Designation and units of measurement Design value

1. Area of residential premises , m2 126.3

2. Heated volume , m3 381.4

3. Total area of external building fences , m2 417.08

4. including:

facades Awall, m2 140

windows and balcony doors Aw, m2 19

entrance doors Aed, m2 2.54

attics Aatt 199.28

cA

hV
sum
cA
Trombe wall is installed on the external walls of the
building [11]. Different double glasses were used as a
translucent part of the Trombe wall; their characteris-
tics are given in Table 1 [33, 34].

CALCULATION METHOD

The rational values of the parameters of the
Trombe wall were determined according to a four-fac-
tor scheme presented in Table 3. Calculations were
made using the method of a factorial experiment, i.e.,
method of full factorial experiment [35]. Calculations
were based on the values presented in Table 4 [30, 36–
38]. The cost of stone coal for the design period is
674100 UZS/t (October 11–15, 2021, USD exchange
rate 10700.03 UZS) [39, 40].
APPLIED SOLAR ENERGY  Vol. 58  No. 1  2022

Table 3. Test factors and corresponding levels

Levels building orientation
(BO), deg area ratio (AR)

1. –90 0
2. –75 0.083
3. –60 0.166
4. –45 0.249
5. –30 0.332
6. –15 0.415
7. 0 0.498
8. 15 0.581
9. 30 0.664

10. 45 0.747
11. 60 0.83
12. 75 0.913
13. 90 0.996
Model Validation
The formula (11) for the Trombe wall was verified

(validated) by comparing the results given in [41, 42].
As follows from Table 5, the root means square (rms)
error is 0.047 kWh, rms error in percentage is 8.876%,
and the square of the correlation coefficient is

.
The results of the determination of the specific

energy consumption of the building for heating were
compared with the data presented in [43]. Compari-
sons showed that the relative error between the results
given in [43] and results of this research is 0.4–1.5%.

RESULTS AND DISCUSSION
For calculations, we developed a computer soft-

ware program using Python for determining the spe-

=2 0.765R
Factors

reduced heat transfer 
resistance ,

(m2 °C)/W

air f low rate through the 
Trombe wall, m3/s

0.28 0.005
0.32 0.007
0.34 0.008
0.47 0.01
0.49 0.011
0.53 0.013
0.55 0.015
0.59 0.016
0.60 0.018
0.63 0.019
0.66 0.021
0.68 0.023
0.72 0.024

ee.sum R
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Fig. 2. Results of calculations for determining the Pareto frontiers: (1), (2), and (3), data for the first, second, and third levels of
thermal protection; (4), (5), and (6), data within the Pareto frontier for the first, second, and third levels of thermal protection.
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cific characteristics of the typical three-room residen-
tial building using the method of a full factorial exper-
iment and determined the rational combinations of
the experimental parameters. Pareto frontiers were
Table 4. Values of the parameter used in the calculation
Parameter Value

25.1 MJ/kg
HDD 2571 degree days (18°C)

0.5 h–1

0.726
0.47

r 14%
i 10.7%
LC 30 years
ν 0.85
ξ 0.85

1

ug

an

2COF
ηu

βh

Table 5. Comparison of the analytical, experimental, and de

E, experiment; A, analytical result; D, results of design calculations

Months (heating period)
Total incident solar radiation on 

of the southern wall, MJ

E

January 4.649
February 4.967
March 5.051
November 6.100
December 4.842
determined for the first time for the three levels of
thermal protection of the typical three-room residen-
tial building under climate conditions of Tashkent
(Fig. 2 and Tables 6–8).

The first level of thermal protection of the building
within the Pareto frontier has only 21 points (Table 6).
As can be seen from Table 6, data in the first line are
given for the building without the Trombe wall and the
specific energy consumption is 216.4 kWh/m2. The
values in bold in Table 6 give a rational combination of
the parameters. The specific energy consumption is
184.3 kWh/m2, which is 14.8% lower than the base
value.

Table 7 shows calculations for the second level of
thermal protection; as follows from the calculations,
the specific energy consumption decreased to
117.24 kWh/m2 at optimal combinations of the param-
eters under study (by 23.1% lower than the base val-
ues). The minimum value of the specific energy con-
sumption for heating is 3.45 kWh/m2.
APPLIED SOLAR ENERGY  Vol. 58  No. 1  2022

sign results

 according to formula (11).

the front surface 
/month Total heat input, MJ/month

A E A D

4.719 1.444 1.682 1.783
5.216 1.360 1.700 1.905
5.309 1.202 1.379 1.637
6.265 2.073 2.411 2.34
5.155 1.578 1.995 1.857
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Table 7. Results of the best combination for the second level of thermal protection
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13520 0 0.083 0.72 0.024 865.466 125.603 15.51 12.938 2357.727
13858 0 0.249 0.72 0.024 2596.397 83.516 18.101 14.69 6060.85
14027 0 0.332 0.72 0.024 3461.862 78.08 22.369 17.394 6539.147
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15041 0 0.83 0.72 0.024 8654.655 38.815 36.591 25.108 9994.018
15210 0 0.913 0.72 0.024 9520.121 35.642 39.157 26.331 10273.17
28561 90 0.996 0.72 0.024 10385.59 31.142 41.131 27.243 10669.18

Table 8. Results of the best combination for the third level of thermal protection
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14027 0 0.332 0.72 0.024 3461.862 45.327 21.819 17.057 6704.032

14196 0 0.415 0.72 0.024 4327.328 41.344 25.919 19.489 7054.464

14365 0 0.498 0.72 0.024 5192.793 37.361 29.631 21.55 7404.896
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Table 9. Regression equations for determining the specific energy consumption

Level of thermal 
protection Regression equations

I

II

III

2R

−= − × × − × − −3
I ee.sum  sw239.97 4.89 10 BO 105.5 AR 37.76R 790.41Q q 0.9110

−= − × × − − −3
II ee.sum sw181.29 3.1 10 BO 72.79AR 39.41R 1174.55Q q 0.8561

−= − × × − − −3
III ee.sum sw153.35 2.31 10 BO 61.37AR 40.86 1370.32Q R q 0.8215
Table 8 shows calculations for the third level of
thermal protection; at different combinations of the
parameters under study, the specific energy consump-
tion is 83.88 kWh/m2 and the energy consumption
reduction value is 31%. Analysis of Tables 6–8 shows
that it is practically possible to reduce the specific
energy consumption for heating from 84.9 to 97.7%.

Based on the results of the performed calculations,
we obtained regression equations for the three levels of
thermal protection (Table 9).

CONCLUSIONS

This study provides the results of multiobjective
optimization of integration of the Trombe wall of clas-
sical type in typical residential buildings in Uzbekistan
using a full factorial experiment for the first time. The
following parameters were used as experimental fac-
tors: orientation of the southern wall of the typical
building; thermal resistance of translucent fences of
the building; ratio of the surface area of the Trombe
wall to the surface area of the building facade; and air
f low rate through the Trombe wall. As follows from the
calculation results, the relative dominance of the fac-
tors within the studied range of factor values is in the
following order: orientation, 4.56%; thermal resis-
tance of translucent fencing, 58.21%; area ratio,
20.11%, and air f low rate through the Trombe wall,
17.12%. On average, the use of the optimal values can
save from 11.1% to 93.7% of the annual specific energy
consumption of the building during the heating
period. The reduction in CO2 emissions is 2106 to
12973 kg per year when coal is used during the heating
period. Depending on the investment, the simple pay-
back period ranges from 12.28 to 28.45 years. Regres-
sion equations were proposed for the three levels of
thermal protection of the studied object, which makes
it possible to determine the specific thermal load on
heating.
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