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Abstract:

Annual heating and cooling transmission loads are being calculated based on
transient heat flow through the external walls and by using hourly climatic data.
Additionally, we performed a financial analysis based on the Life Cycle Savings (LCS)
method, for each wall configuration and orientation, as well as for various
thicknesses of insulation material. Depending on the wall type and orientation, the
optimum insulation thickness was found to be between 3.75 cm and 11.0 cm.

AHHOTaAIMUA:

PaccuuthiBaroTcsi rooBble HArpy3Kd IO Ilepejave Tella M X0JIoJla Ha OCHOBE
HECTAIIMOHAPHOTO TEIIOBOT'O IIOTOKA Uepe3 HapysKHbIE CTEHBI U C UCIIOJIb30BaHUEM
IIOYACOBBIX KJIMMATHYECKUX AaHHBIX. Kpome TOro, Mbl mpoBeau (UHAHCOBBIN
aHaJIu3 Ha OCHOBE MeToja SKOHOMHUHU >ku3HeHHoro mukia (LCS) maa xaxmon
KOHGUTYpAaIlU! W OPHUEHTAIlMd CTeH, a TakXke JJIs Pa3JIMUYHON TOJIIHHBI
W30JIAIMOHHOTO MaTepuajia. B 3aBHCHMOCTH OT THUNA U OPHUEHTAIIUU CTEHBI
OIITUMaJIbHASA TOJIIIHNHA U30JIAIIN COCTABJISET OT 3,75 CM JI0 11,0 CM.

Keywords : cooling load, heating load, life cycle saving, optimum insulation
thickness, transient simulation

KaioueBblie cJjoBa: XOJI04uJIbHAaA HArpy3Ka, TEIIJIOBAd HArpy3Kd, 9KOHOMMA

KU3HCHHOI'O 1IHKJI4A, OIITHMaJ/JIbHad TOJIIIWHA HW30JIA0UKW, MOAE/INPOBaAHHE
IIEPEXOAHBIX ITPOLECCOB.

Website:

Www

w2/ https://wos.academiascience.org




WEB OF SCIENTIST: INTERNATIONAL

SCIENTIFIC RESEARCH JOURNAL
ISSN: 2776-0979, Volume 4, Issue 6, June, 2023

Introduction

Uzbekistan’s energy sector is currently undergoing a large-scale transition. In order
to implement comprehensive measures to deepen structural reforms, the
government of Uzbekistan has adopted a wide range of strategies and laws related to
energy, which include among others, the widespread introduction of energy-saving
in residential sector. However, it is known that the Europe and Central Asia regions
are the most energy intensive in the world, with experts concurring that
improvements in energy efficiency are an economic and environmental imperative
[1]. The major difference between these two regions, however, is that the high
residential energy consumption in Europe is mainly attributed to the advanced
economy of the region, with households having a large area and using a large number
of electric appliances [2]. On the contrary, the economy of the Central Asia region is
significantly inferior, yet the residential energy consumption per capita surpasses
that of European countries [2, 3]. The high residential energy consumption in the
region is primarily attributed to the very low cost of energy, which does not offer an
incentive for energy saving measures and practices.

The share of Uzbekistan’s residential sector in relation to the country’s total energy
consumption particular is amongst the highest in the world, with the most recent
available data showing that it surpasses every other country in the Europe and
Central Asia regions [2, 4]. The energy consumption of residential buildings in
Uzbekistan is estimated at 200% to 250% higher than that of developed countries,
meaning that there is great potential for energy saving measures and practices [5].
Specific energy consumption per m2 of living area in Uzbekistan is 423 kWh per year
[5] and is closest to the relevant figures in Russia and the U.S., i.e. countries differing
substantially in terms of climate, development level, and housing amenities.
Additionally, two thirds of residential energy consumption are related to space
heating [2].

Until recently, the very low energy prices in Uzbekistan made the introduction of
energy saving measures on buildings entirely financially unappealing, as the cost of
the investment greatly surpassed the cost of energy and there were no government
subsidies to promote such practices. However, energy prices in Uzbekistan have been
increasing at a rapid pace during the past few years. With the price of natural gas
jumping from 0.03599€ in September 2013 [6] to 0.06337€ in October 2016 [7], the
application of insulation on buildings is becoming an appealing option even without
government subsidies. The high energy consumption in the residential sector in
Uzbekistan [8], combined with annual population growth, has a great energy saving
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potential. The application of adequate insulation thickness on external walls, is one
of the main measures to drastically reduce energy consumption and CO2 emissions.
Several studies have been performed on the subject of optimum insulation thickness,
each taking a different approach for the calculation of the thermal performance of
the wall. Some are based on the Degree-Days concept [9-17], while others use
numerical [18-22] or analytical methods [23-25] for transient heat flow through the
walls of the building. Generally, the results and conclusions from these studies are
site specific and applicable only to local climatic conditions, financial parameters, as
well as construction and insulation materials. For instance, Bolattiirk [12] studied the
optimum insulation thickness of building walls using the degree-hour method,
depending on the annual cooling and heating loads, for different base temperatures
of various cities within the first climatic zone of Turkey. Al-Sanea et al. [19] used a
dynamic time-dependent model based on the finite-volume implicit method to
compute the annual transmission losses through the wall under steady-periodic
conditions for climatic conditions of Riyadh. Daouas [23] used an analytical method
to calculate the optimum insulation thickness of walls for different orientations in
the Tunisian climate. In addition, a methodology has been developed for the
optimization of thermal insulation solutions, based on the primary energy
consumption, environmental impact and the financial cost of building elements and
materials [26, 27].

This paper investigates the financial optimal insulation thickness for the two most
commonly used building insulations materials in Tashkent, Uzbekistan: expanded
polystyrene and mineral wool. The intention of the authors is to identify the
financially optimal insulation thickness for the three most common wall topologies
in the country and for the four different orientations of a building. The optimisation
methodology uses the transient building simulation program TRNSYS [28] and the
Life Cycle Savings (L.CS) analysis. Our approach is using hourly climatic data and
takes into account the cooling and heating transmission load.

Materials and Methodology

For the present study the city of Tashkent (41° 16' N, 69° 13' E) has been selected
because of its location, size, and climatic likeness with most of the densely populated
Central Asia regions. With 2.4 million inhabitants, Tashkent is the capital of
Uzbekistan and features a Mediterranean climate with strong continental climate
influences.

The most common and widely used wall topologies for the construction of external
walls in Tashkent are described below. The thermal behavior of each topology is
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studied for two insulation materials of various thicknesses and different orientations
with respect to cooling and heating transmission load. The following three different
configurations of external walls have been selected and also are graphically displayed
in Fig. 1.

For all configurations, the assumed thickness of both the interior and the exterior
plaster is 2.5 cm each. Also, the thermal insulation materials that can be effectively
applied are those of expanded polystyrene (XPD) and mineral wool (MW) of different
thicknesses. The values of thermophysical properties of each material used for the
simulation have been derived from the database available in [28] and from [27, 29],
while they are shown in Table 1. The conduction heat transfer is being treated as one-
dimensional and the thermophysical properties of building materials are
independent of their temperature.

Using the aforementioned data, we performed a transient simulation of the external
walls for each of the three most common wall configurations in the region and for all
four possible orientations (north, west, east, and south), followed by a financial
analysis that identifies the optimum insulation thickness for each wall type and
orientation. The financial analysis is then expanded to determine the payback period
of the optimal solutions.
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Figure 1. Examined wall configurations. From top to bottom (not in scale): I) interior
plaster, 30 cm solid brick, insulation material and exterior plaster, II) interior plaster,
50 cm solid brick, insulation material and exterior plaster, and III) interior plaster, 28
cm reinforced concrete, insulation material, and exterior plaster.
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Table 1. Thermophysical properties of building materials used
(A: coefficient of thermal conductivity, p: density, cp : specific heat)

Material A p Cp
(W/mK) (kg/m3) (kJ/kgK)

Plaster 0.87 1800 1

Solid brick 0.68 1500 1

Reinforced concrete 2.2 2400 0.84

Expanded Polystyrene 0.036 20 1.45

Mineral wool 0.04 55 0.84

The methodology followed is a partial version of the proven approach that the
research team has used in previous studies, which has been adapted to the specific
requirements and parameters of this particular study [30, 31].

The heat transfer function method is one of the most accurate methods for the
calculation of a time-variable heat load. It has been experimentally validated and
adopted by ASHRAE [32, 33]. The heat transfer function method has been used to
calculate the heat fluxes (W/mz2) to the wall at its both sides, external and indoor.
[34]. Moreover, this method considers not only the position of the insulation within
the wall but also the material’s thermal mass, which plays a key role in temperature
stability. For the outside surface temperature, we used a model that takes into
account the combined effect of the incident solar irradiance, outdoor air temperature,
and convective heat exchange with the outdoor air. This temperature is being referred
to as the sol-air temperature (T, _,;-) in scientific literature [32].

(1)

where T, is the outdoor air temperature, a is the solar absorptance of the outside
surface, I is total solar irradiance incident on the surface (W/m2), h,. is the
combined convective and radiative heat transfer coefficient on the outside surface
(W/mz2K), ¢ is the hemispherical emittance of the surface and AR is the difference
between the longwave radiation incident on the surface from the sky and
surroundings and the radiation emitted by a blackbody at outdoor air temperature
(W/m2). For vertical surfaces, the radiant heat loss to the sky counteracts the heat
gain from the ground, therefore the value of AR is zero. The a/ h, . ratio was taken
equal to 0.026, as recommended for light colored surfaces [32].

@ Website:

o https://wos.academiascience.org




“' WEB OF SCIENTIST: INTERNATIONAL
N >

‘@. SCIENTIFIC RESEARCH JOURNAL
ISSN: 2776-0979, Volume 4, Issue 6, June, 2023

Regarding the inside surfaces of the wall, there are several formulas in literature for
the calculation of the convective heat transfer coefficient. It is known that these
formulas display deviations because the flow characteristics, local geometry, and
specific conditions under which they have been derived differ from case to case [35,
36]. In this work we used the following formula for the calculation of the heat transfer
coefficient on the inside surface of the wall (hi) (as suggested in [32, 37] and cited in

[38]):
hi =1.31(Ts,i — Ti)V/3 (2)

where: Ti is the inside air temperature. The in-build air dry bulb temperatures used
to set the need for heating and cooling were at 20 °C and 26 °C respectively, which
are reasonable values that will not lead to the overestimation or underestimation of
the annual energy use.

We calculated the incident total solar irradiance on the external surface of the wall
by using the solar radiation data for the city of Tashkent-Uzbekistan and the well-
known equations from solar geometry [39]. Thus, at each time step, the solar
incidence angle and the solar zenith angle were being calculated from the solar
position coordinates, namely from the solar altitude angle, solar azimuth angle,
surface orientation, and slope. Then, in order to determine the heat flux on the
external wall, the aforementioned equations were used in conjunction with the
appropriate parameters and the hourly weather data. The integration of the resulting
heat flux during a time period determines the heating or cooling load for that period.
For the determination of the most profitable thickness of insulation for each type of
wall, a simple economic analysis based on the Life Cycle Savings (L.CS) method has
been performed. This method is widely applied for determining energy systems
economics. This method can also be used to find the economically optimum design
of a given system. The estimation requires the synthesis of both the energy
performance results and a number of economic parameters. Required energy
performance data have been calculated using the aforementioned simulation model.
The set of assumed economic parameters are shown in Table 2 and were obtained
from the manufacturers of the insulation materials, the Electricity Authority of
Tashkent and one of the banks operating in Tashkent.

The two energy systems compared in this study is a conventional heating and cooling
system with and without insulated walls. The fuel and electricity costs are being
considered for each case and compared to each other. The conventional heating and
cooling systems are assumed to be a gas-fired boiler and an electric heat pump
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respectively. The Net Present Value (NPV) is being used to perform a comparative
economic analysis for a 30-year period.
Table 2. Economic parameters

Parameter Value

Insulation cost XPD: 124 €/m3

MW: 60 €/m3

Domestic electricity price 0.0425 €/kWh
Cost of heating energy 0.00577 €/kWh
Domestic electricity inflation rate 17.8 %
Heating gas price inflation rate 17.8 %

Bank loan interest rate 14 %

Loan lifetime 10 years
Economic analysis 30 years
Discount rate 12 %

COP 3

Furnace efficiency 0.85

The payback period can be defined in many ways [40]. In the present work, it is being
calculated using its discounted form including the time value of money and hence is
more reliable for finding the payback period. In this case, it is the time required for
the discounted cumulative energy savings to equal the initial investment cost.

The NPV for the different types of walls, insulation thicknesses, and orientations is
being calculated with the help of a spreadsheet which can be used to calculate and
ultimately compare their economic viabilities under multiple economic parameters,
as long as the annual heating and cooling load has been calculated. If the NPV is
positive, then, on the basis of the anticipated costs and savings, the investment is
economically viable and the highest figure of NPV corresponds to the optimal
insulation thickness.

Results and Discussion
The results of the simulation are being presented in the diagrams of Fig. 2-5 and as
can be seen, when the thickness of the insulation is increased, the heating and cooling
load per square meter of the wall area respectively decreases, for different
orientations and for three types of walls and two insulation materials examined.
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These results are described and explained in detail below, for each of the diagrams
obtained.
Figures 2 and 3 relate to heating transmission load and show that the north facing
wall has the highest heating transmission load, regardless of the type of wall, due to
the negligible solar heat gain during the heating period. In contrast, the south facing
wall has the lowest heating load per unit area of the wall than all other orientations
because of the high solar heat gain, which is due to the effect that during the winter
months the sun rises and sets to the south of east-west line, therefore this surface is
exposed more hours to solar radiation. In conclusion, the south facing wall seems to
be the most advantageous when compared to any other wall type and orientation.
During the cooling season (Figs. 4 and 5), the thermal behavior of the walls alters as
the west facing wall has the highest cooling load while north the smallest. The
thermal behavior of the west facing wall is the result of the high temperature on its
external surface which, in relation with inside surface temperature, drives the heat
gain mechanism. The high ambient temperatures early in the summer evenings give
the high values on the outside surface of this wall, according to the definition of sol—
air temperature which is used in the simulation.
The low cooling load of the north oriented wall is due to the fact that during the
summer months, because of the longer day length, the solar irradiance falls on this
surface for a few hours, mainly in early morning and late afternoon, when its intensity
is quite low compared to all other orientations. Similar results are obtained in

literature [19, 23, 41], although they have been derived from different assumptions
and climatic conditions.
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Figure 2 Heating transmission load for Figure 3. Heating transmission load
all wall configurations and orientations for all wall configurations and

with mineral wool as the insulation orientations with expanded polystyrene
material. as the insulation material.
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Figures 2-3 and 4-5 refer to the heating and cooling load respectively and show that
the wall type II (figure 1) has the lowest energy load per unit area of the wall, followed
by the wall type I and then comes the wall type III. This result is independent of the
insulation material used and is due to composition and its thermal conductivity value
(Table 1). It should also be noticed that the starting point of the heating and cooling
transmission loads corresponds to zero insulation thickness, referring to uninsulated
walls, and thus the initial values are respectively identical.
Figures 6 and 7 present the results of the economic analysis for the mineral wool
(MW) and expanded polystyrene (XPD) respectively. As the insulation thickness
increases all curves initially display increasing NPVs, but the increasing rate declines
as the insulation thickness increases, until it reaches a maximum point which denotes
the optimum insulation thickness.
After the optimum point, a further increase of the insulation thickness continues to
increase the fuel savings but the NPV decreases due to the rising cost of the
intervention. The wall type III on north orientation and regardless of the insulation
material used, has the greatest economic benefit compared to the corresponding wall
types of different orientations and for all thicknesses of insulation studied. This is
justified by the effect of the high heating load imposed by the wall and the system
used to meet it, which in this study it is assumed to be a gas-fired boiler. Thus, in
accordance with the above, the classification of the walls with respect to economic

benefit (Fig. 6) resembles the classification for the heating load (Fig.2-3) but differs
from that of the cooling load (Fig. 4-5).

&
Cooling transmission load (KWh/m®)
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Figure 4. Cooling transmissionload Figure 5. Cooling transmission load for
for all wall configurations and all wall configurations and orientations

orientations with mineral wool as with expanded polystyrene as the
the insulation material. insulation material.
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Furthermore, the wall with mineral wool (MW) displays the greatest economic
benefit compared to the expanded polystyrene, for all orientations and insulation
thicknesses studied. As can be seen in Figures 2 and 3, the use of expanded
polystyrene in all three types of walls, and for all orientations and insulation
thicknesses studied, presents a smaller heating load compared with the mineral wool.
However, from the corresponding diagrams of the economic analysis (Fig. 6-7), the
use of mineral wool presents greater economic benefits compared with the expanded
polystyrene. This result is explained by the fact that expanded polystyrene has a
higher cost compared to the mineral wool (Table 2). The wall type, optimum
insulation thickness, NPV and payback period, for the two insulation materials and
all orientations are tabulated in Table 3. The wall with the highest financial benefit
has the smallest payback period when compared to all other orientations. From Table
3 and Fig. 8, it can be seen that the wall with mineral wool as insulation material,
displays the shorter payback period for all orientations, regardless of its type. In
addition, the south-facing wall has the smallest optimum insulation thickness and
economic benefit, but also the longest payback period when compared to the other
orientations. The results are within the range of similar estimates in literature [19,
23, 42, 43], despite the fact that they had been calculated by using a different
methodology and climatic conditions. The optimum choice among the various
orientations would be the one displaying the greatest monetary gains and/or the
shortest payback period.

NPV (E/m?)

Figure 6. Economic analysis for all wall Figure 7. Economic analysis for all wall

configurations and orientations with configurations and orientations with

mineral wool as the insulation material expanded polystyrene as the insulation
material.
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Figure 8. Payback period for all wall configurations and orientations, for both of the
studied insulation materials.

Table 3. Optimum insulation thickness, NPV and payback period for all wall types,
insulation materials and orientations

Orientation ‘Wall Insulation
Type material Optimum insulation thickness (cm) NPV (€/m2) Payback period (years)
(Fig. 1)

1 XPD 4.97 10.33 16.39

I MwW 8.5 14.28 12.72
South I XPD 3.75 4.76 19.79
11 MW 8.0 7.50 16.38

111 XPD 5.87 25.51 11.33

111 MW 9.5 30.16 8.72

1 XPD 5.5 12.53 15.69

1 MW 9.5 16.87 12.47

East 11 XPD 4.5 6.04 18.96
11 MW 8.0 9.73 14.75
II1 XPD 6.47 29.82 10.96

111 MW 10.47 34.89 8.47

1 XPD 5.5 12.64 15.64

I MW 9.5 16.98 12.42

West 11 XPD 4.37 6.08 18.57
II MW 8.0 9.77 14.72

111 XPD 6.5 30.18 10.89

111 MW 11.0 35.24 8.66

I XPD 5.25 12.72 15.47

I MW 9.5 17.04 12.42

North 11 XPD 4.25 6.16 18.83
II MW 8.0 9.79 15.14

III XPD 6.5 30.28 11.02

111 MW 10.5 35.30 8.43
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The U-value corresponding to the optimum insulation thicknesses for all wall types,
insulation materials, and orientations is ranging between 0.314 W/m2K and 0.503
W/m2K, which is lower than the maximum permitted by the prevailing regulation
[44] in Uzbekistan (0.75 W/m2K for vertical walls).

It is well known that one of the most efficient measures to reduce the thermal losses
of the building envelope and, consequently, the CO2 emissions from heating/cooling
equipment, is the insulation of the external walls [45, 46]. With the proper selection
of wall type, insulation material, and insulation thickness for each orientation,
annual energy for heating/cooling system and CO2 emissions can be significantly
reduced, thus contributing to the concept of the “Green” Building [47]. Along with
these measures, the large consumption of natural gas for space heating in Uzbekistan
should be significantly reduced [48]. Given that Uzbekistan has a high solar potential
[49], the used methodology which takes into account, among other parameters, the
solar irradiance on the walls of different orientations, will be useful for energy saving
studies in the building sector.

Conclusions

The economically optimum insulation thickness for the external walls of a residential
building in Tashkent, Uzbekistan, has been determined by taking into account their
construction, orientation, and different insulation materials.

For all wall types and insulation thicknesses examined, the north-facing wall with
mineral wool as insulation material has the highest heating transmission load per
unit area and the lowest cooling load per unit area than all other orientations. The
south oriented wall with expanded polystyrene as insulation material has the lowest
heating load per unit area and for all insulation thicknesses, in comparison to any
other orientation and type of wall. In contrast, the west oriented wall with mineral
wool as insulation material has the highest cooling load per unit area of any wall type
and orientation.

The optimum insulation thickness for any type of wall and orientation was found to
be between 3.75 cm and 11.0 cm. Generally, the installation of insulation to the
exterior walls of a residential building in Tashkent proved to be a profitable
investment since for all combinations studied the resulting net present value is
positive, despite the low prices for heating and cooling energy. However, the north-
facing walls of three wall types offer the greatest economic benefit compared to the
corresponding walls of different orientation, regardless of the insulation thickness.
Thus, it can be concluded that the wall with the largest heating load yields the greatest
potential for economic benefits and has the shortest payback period, which in the
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present study is the north-facing wall of wall type III, with mineral wool as insulation
material.

Finally, under the current economic circumstances that create the parameters
considered in this paper, the implementation of adequate insulation on external walls
of residential buildings appears to be a cost-effective energy conservation measure,
for any type of wall and orientation studied and, in the case of Uzbekistan, could
trigger great national energy savings and reduction of CO2 emissions.
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