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A B S T R A C T

This research performs an optimization of insulation thickness in buildings external walls based on a Life Cycle
Costing (LCC) approach. Buildings sector consumes 43% of total Palestinian energy. Although building insula-
tion is a low investment with guaranteed benefits alternative, it is still elective in Palestine. Eight governorates
were considered in the analysis. The analysis takes into consideration typical external walls construction, in-
sulation types, weather data, energy prices, heating and cooling equipment conversion efficiencies, and market
financial parameters. Two types of insulation were studied which are polystyrene (denoted by I1) and poly-
urethane (denoted by I2). For energy type, electricity is assumed for summer cooling and LPG fuel for winter
heating.

Optimal insulation thicknesses were calculated assuming different Degree Days (DD) base temperatures Tb.
Results show that insulation type and DD have the highest significant effect on optimal insulation thickness.
Polystyrene (I1) and Polyurethane (I2) investment costs are 83 and 171.43 $/m3, respectively. Despite that,
same optimum financial benefits can be achieved using (I2) at half thickness compared to (I1). For all cases,
optimal thickness varied between 0.4 and 9 cm. At Tb equals to 18 °C, annual savings varied between 4 and 8
$/m2/year. Simple Payback Period (SPBP) analysis values varied between 0.9 and 1.6 years.

This research is the first to analyze effects of buildings insulation on annual heating and cooling loads in
Palestine. The authors believe that it should motivate decision makers to develop a Palestinian building code
that considers building insulation a mandatory item. Fortunately, this research proved that it is financially
attractive.

1. Introduction

Energy conservation became one of the most crucial strategic ob-
jectives for governments. Buildings sector is the largest energy con-
suming sector among other ones. In Palestine, buildings consume
34,061.68 Tera-joules per year, which forms approximately 43% of the
total energy consumption [1]. Its total electrical energy consumption
reached 3324 GWh in 2010, which equals 70% of the Palestinian na-
tional electrical consumption, this percentage is expected to double by
2020, while it will keep the same proportion of the national electrical
consumption [2].

Buildings and construction is the fastest growing sector in Palestine,
2585 building licenses were issued in the last quarter of 2017, of course
this number excludes the east side of Jerusalem which is under Israeli
control, and the unregistered buildings inside Palestinian refugee camps
in West Bank [3]. The formal statistics of 2015 shows that 82% of

Palestinian families use energy for heating purposes [4].
The Palestinian Energy and Natural Resources Authority (PENRA)

have developed a national energy efficiency action plan within the light
of the Palestinian Authority efforts towards reducing energy con-
sumption. This action plan aims to conserve 384 GWh between 2012
and 2020, 94.5% of total target, approximately 363 GWh are going to
be in buildings sector [2]. Despite this, national efforts towards devel-
oping the Palestinian buildings and constructions codes and standards
are still not mature enough, for example, buildings insulation is still
mandatory.

Although building insulation helps in reducing space heating and
cooling running costs, it increases buildings initial investment.
However, considering the average Palestinian energy prices are among
the highest prices internationally compared to local average individual
income. It is expected that buildings insulation will be feasible and a
forerunner in achieving the national strategic energy conservation
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goals. Table 1 shows the average energy prices in Palestine. Taking into
consideration that gross domestic product (GDP) per capita in Palestine
had an average of 1379.31 USD from 1994 until 2016, about 16% of the
world's average. It can be noticed that energy prices in Palestine are
very high and energy conservation efforts are necessary [5].

Raising Palestinian community awareness about the importance of
energy efficiency is one of the milestones of PENRA strategic action
plan [2]. Since Palestine suffers from lack of environmental protection
legislations, the most effective way to convince citizens to reduce en-
ergy consumption is to prove its economic feasibility. In this context,
buildings insulation cost analysis and optimization are necessary. Life
cycle costing (LCC) minimization is the best choice to ensure its feasi-
bility. This paper presents a systematic approach to optimize insulation
thickness and type for Palestinian governorates taking into considera-
tion local weather conditions, buildings construction, energy prices,
and heating and cooling systems efficiencies. It aims to define the op-
timal insulation thickness for six external walls types used in eight
governorates represent West Bank and Gaza strip area and weather
variations. Two market commercially used insulators, namely poly-
styrene and polyurethane will be considered. Insulation thickness op-
timization will be achieved by applying an LCC estimation, and the
analysis will depend on the degree day method (DDM). Insulators
SPBPs will be calculated for every case. Analysis results will explore
buildings insulation feasibility. So, it will help in raising awareness
regarding its importance, and motivate policy makers to support de-
veloping a suitable Palestinian building code, where insulation should
be mandatory.

The rest of the paper is divided as follows: Section 2 explains pre-
vious work and the proposed research contribution, Section 3 describes
the climate zones and weather conditions in Palestine, Section 4 de-
scribes building materials, walls structure, and insulation materials,
next, Section 5 explains the degree days method for estimating annual
buildings heating and cooling loads due to interaction between building
envelope and external conditions. Section 6 is dedicated to explain the
economic and energy analysis and criteria. Research methodology and
calculations sequences are presented in Section 7, Section 8 will discuss
the results and finally the conclusion and recommendations are pre-
sented in Section 9.

2. Literature review

Previous researches are rich of contributions related to buildings
insulation optimization. Most of these contributions are based on the
DDM [8]. applied a systematic procedure to define the optimal in-
sulation thickness for heating purposes in Palestine using LCC ap-
proach. It divided Palestine into three main areas, which are coastal,
mountains, and Jordan valley. Rock wool and polystyrene insulations
were considered in the analysis. Achieved results indicated that poly-
styrene was better by enabling less optimal insulation thickness which
was around 5 cm, in contrast, rock wool provided shorter payback
period of time, varied from 1 to 1.7 years. Similarly [9], applied an LCC
approach to investigate the effect of different wall types and five fuel
types in determining the optimal insulation thickness for heating pur-
poses in 16 Turkish cities. The cities were divided into four climate
zones. However, due to the extreme differences in climate conditions
between cities, results showed that optimal thickness varied between 2
and 17 cm, and payback period extended to 4.5 years in the coldest
cities. In addition to buildings external walls, other researches in-
vestigated the effect of applying the same optimization methods on
building roofs. In this context [10], determined optimal insulation for
external building envelope, were external walls and roof were con-
sidered for four different climate zones in Turkey, represented by four
different cities. Results indicated that optimal thickness varied between
3.3 and 8 cm for external walls, and between 2 and 6.5 cm for roof.
moreover, it included a regression analysis to define mathematical

Nomenclature

AS Annual fuel savings [$/year]
CC Total cooling cost [$]
CDD Cooling degree days [°C day]
Ce Electricity cost [$/kWh]
Cf Fuel cost [$/L] or [$/kg]
CH Total heating cost [$]
Ci Initial cost of insulation material [$/m3]
CO2 Carbon dioxide.
COP Coefficient of performance
costyear-y Estimated fuel cost at year y [$]
DDM Degree day method [°C day]
e Escalation rate [%/year]
f Inflation rate [%/year]
GDP Gross Domestic Product
GWh Giga Watt hour
HDD Heating degree days [°C day]
ho Surface combined heat transfer coefficient [W/m2 °C]
i Discount interest rate [%/year]
i* Adjusted interest rate [%/year]
IC Installation cost [$]
k Insulation conductivity [W/m °C]
LCC Life cycle costing [$]
LHV Fuel lower heating value [J/kg]

n Total project estimated life time [years]
PENRA Palestinian Energy & Natural Resources Authority
PW Present worth [$]
Ri Inside air film thermal resistance
Ro Outside air film thermal resistance
Rt,w Wall thermal resistance [m2 °C/W]
SO2 Sulfur dioxide
SPBP Simple payback Period [year]
Tb Base temperature [°C]
To Daily mean outdoor air temperature [°C]
Tsa Outside air temperature [°C]
Tsurr Sky and surrounding surface temperature [°C]
Uov Over all heat transfer coefficient [W/m2 °C]
USD United States Dollars
x Insulation thickness [m]
xopt Optimum insulation thickness [m]
xopt-cooling Optimum insulation thickness [m]
xopt-heating Optimum insulation thickness [m]

Greek letters

αs Solar absorptivity of the surface
ε Emissivity of the surface
σ Stefan-Boltzmann constant
µ Average heating system efficiency [%]

Table 1
Average energy prices in Palestine [6,7].

Energy type Price

Electricity 0.2 $/kWh
Diesel 1.49 $/L
Gasoline 95 1.63 $/L
Coal 1.81 $/kg
Kerosene 1.43 $/L
LPG 1.36 $/kg
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formulas relating number of degree days with the optimal insulation
thickness, where> 0.98 coefficients of determination were achieved.

Other researches adopted P1-P2 optimization approach [11]. studied
the optimal insulation thickness using the DDM for summer cooling and
winter heating applications in China, four main cities were considered
representing four climate zones of hot summer and cold winter. Eco-
nomic model was based on P1-P2 method, and an LCC approach was
implemented. Different walls orientations, surface colors, and five in-
sulation materials were considered in the analysis. Results indicated
that optimum thickness of the five insulations varied from 5.3 to
23.6 cm, and the payback periods were from 1.9 to 4.7 years over a
lifetime of 20 years. Similarly [12], investigated the optimal thickness
of five different insulation types for four climate zones in Turkey, where
P1-P2 economic model was implemented to determine the LCC in each
case. Analysis included summer cooling and winter heating energy
consumptions. Results indicated that payback periods varied between
0.89 and 2.6 years, while the optimal thickness are between 2 and
22 cm.

Other researches in [13] used different approaches, where optimal
insulation thickness under steady state conditions was determined for
Tunisia. The analysis was performed based on complex finite Fourier
transform, to estimate the yearly cooling transmission loads for two
types of insulation materials and two typical wall structures. Results
were achieved following LCC analysis, and it was compared with DDM
approach. Comparison revealed that results from complex finite Fourier
transform leads to thicker required optimal insulation, has longer
payback period, and less life cycle energy savings. deviation between
the two approaches did not exceed approximately 20% at most. Authors
claimed that their approach lead to 5.7 cm optimal insulation thickness
and 3.11 years for paying back period [14]. investigated thermal per-
formance and optimum insulation thickness of south-facing building
walls with different structure materials under dynamic thermal condi-
tions for the city of Elazig, Turkey. Extruded and expanded polystyrene
were considered as insulation material, and 10 years life time was as-
sumed. The yearly cooling and heating transmission loads were calcu-
lated by using an implicit finite difference method under steady peri-
odic conditions. Results revealed that the optimum insulation
thicknesses vary between 2 and 8.2 cm, and the payback periods vary
between 1.32 and 10.33 years. Results are compared with the DDM, it
was found that the proposed method lead to thicker optimal insulation,
claimed higher energy saving per year, and lead to longer payback
period [15]. is another contribution that used explicit finite-difference
method under steady periodic conditions to calculate the yearly cooling
transmission loads, according to wall orientations and percentage of
radiation blocked for the case of Cameroon, which has a tropical wet
and hot climate. The economic model is an LCC over a life time of 22
years. It was found that the lowest value of optimum insulation thick-
ness 9 cm and energy savings (79.80%) were obtained for the south-
oriented wall, while the payback period 4.73 years was the highest on
the same face compared to all wall orientations.

Some other contributions focused on optimizing the insulation
thickness in order to reduce emissions (CO2 and SO2) and environ-
mental impact [16]. applied LCC approach and studied environmental
impact of winter heating optimum insulation thickness in external walls
for the case of Denizli, Turkey. Coal fuel and expanded polystyrene
insulation were considered in the analysis. Results claimed that energy
consumption was decreased by 46.6% and the emissions of CO2 and SO2

were reduced by 41.53%. similarly [17], investigated environmental
impact of heat insulation used for reduction heat losses in building
located in the city of Erzurum, Turkey. It has been determined that CO2

emissions amount decreased 50% by means of optimum insulation
thickness used and other energy savings methods in buildings [18].
investigated potential savings and emission reductions achieved by
installing six different insulation materials of optimum thickness in the
Maldives. Air gaps of 2, 4, and 6 cm were introduced in the wall, and its
effects were analyzed. The optimum insulation thickness is based on the

cost benefits of each insulation material over its lifetime. Results re-
vealed that by having air gaps, energy consumption and emissions can
be reduced by 65–77%, in comparison to a wall without insulation or
air gaps. And, hence have considerable cost savings.

Reviewing publications were also prepared in the field [19]. per-
formed a review for comparing previous contributions. It includes dis-
cussion of contributions implemented economic optimization and en-
vironmental impact optimization. The comparison includes the
economic model (P1-P2 or LCC), geographic place of investigation,
optimum insulation thickness achieved, insulation material types con-
sidered, reduced emissions, and fuel type. Moreover, it included an
application for determining the optimal insulation thickness for the city
of Iskenderun, Turkey. 10 years life cycle time was considered in the
analysis, and it was found that optimal thickness is between 2.2 and
7 cm.

Different other related parameters can be included which might
affect the optimal insulation thickness [20]. studied the influence of
hot-humid climate with high temperature and humidity in hot summer
and cold winter zone of three representative cities in China, where it
applied a coupled heat and moisture transfer model. The concept here
that moisture transfer and accumulation within exterior walls will af-
fect the cooling and heating transmission loads. Therefore, it will in-
fluence the thickness of insulation. The optimum insulation thickness
was determined by using the P1–P2 economic model. Results showed
that optimum thickness varied between 5.3 and 10.5 cm, while payback
period varied from 1.89 to 2.56 years. Results comparisons were made
between the coupled heat and moisture transfer model and the transient
heat transfer model without considering the influence of moisture
transfer. The comparison showed that at the optimum insulation
thickness, annual energy consumption, minimum lifecycle total cost
and maximum lifecycle saving are underestimated while the payback
period is overestimated when the effect of the moisture transfer in ex-
terior wall on energy consumption is not taken into consideration.

In all previous contributions, economic models applied were based
on LCC approach. In the last few decades this approach collected at-
tention since it can lead to more rationale and accurate decisions [21].
determined the costs that must be taken into consideration when
comparing alternatives, which are investment (acquisition) costs, op-
erational costs, maintenance costs, renewal costs, and disposal costs.
The authors demonstrated the importance of LCC approach as a stra-
tegic decision-making method. However, in the field of optimal in-
sulation thickness for buildings, and since no or minimum maintenance,
renewal, and disposal costs are required. Investment and heating and
cooling operational costs must be included only. Combining LCC ap-
proach with different methodologies has also been implemented [22],
performed exergetic life cycle assessment approach to determine the
optimal insulation thickness in a building wall. The objective function
targeted minimizing the environmental impacts associated to the in-
sulation materials among with the fuel used. Also, a cost minimization
based on LCC was performed. The analysis considered Rockwool and
Glasswool as insulation materials. Optimal thicknesses achieved based
on environmental impact analysis, are 21.9 and 9.8 cm for Glasswool
and Rockwool, respectively. While optimal thicknesses achieved based
on exergetic life cycle cost analysis are 1.8 and 1.2 cm for Glasswool
and Rockwool, respectively. A sensitivity analysis reveals that total
exergetic environmental impact is affected by temperature of the fuel
entering the combustion chamber, the temperature of stack gasses and
combustion temperature.

It worth to mention that all previous contributions are based on its
geographic area and country local market interest and inflation rates;
there is a lack of researches that consider fuel prices escalation rate
when defining optimal insulation thickness. In Palestine, although en-
ergy conservation and management in buildings considered a milestone
in PENRA strategic plan, preparing and adopting national building code
which includes using insulation material is not prepared yet. This re-
search is the first one to be conducted for defining optimal insulation
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thickness considering winter and summer seasons in Palestine. Previous
contribution for similar issue was prepared in 1999 and it included
winter heating season only [8]. However, since 1999 until now, dif-
ferent types of insulations are available in the local market, different
fuels and insulations costs, and summer cooling load became several
times larger than winter heating load due to many weather and air
conditioning systems economic and technological factors. In order to
convince decision makers for defining and issuing a special building
code that includes insulation as a mandatory item. Similar studies must
be performed to justify its feasibility and help in defining the code
technical constraints. In addition to that, Palestinian economy is still
under international debts, and its governmental annual budget is based
on international donations, efforts such as this analysis are crucial to
help in reducing national energy consumption and achieving Palesti-
nians strategic independency goals.

3. Palestine climate zones

As a result of Oslo accord and Arab Israeli peace process on 1993,
Palestinian authority governs West Bank and Gaza Strip. It is located on
the Mediterranean where weather conditions are relatively hot and
humid in summer, and cold in winter. For the purpose of heating and
cooling loads calculations in this paper, Palestinian lands are divided
into eight representative governorates, which are shown in Table 2.

4. Building materials, walls structure, and insulation materials

In Palestine, most buildings are made of stones, concrete, hollow
bricks, and iron bars for reinforcement purposes. Although there is
some variety between regions, in general, stone and concrete walls are
used in West Bank mountain regions, while hollow brick-based con-
struction is used in coastal regions and the Jordan valley. Table 3 lists
wall structures for buildings and its thermal resistance values.

Insulation materials alternatives are limited in Palestine due to the
lack of related codes and legislations; thus, there is a lack of awareness
about its economic, environmental, and internal comfort advantages.
Table 4 shows the most common insulation materials used in Palestine.
In this study, rock wool has been excluded from analysis, since it is
assumed obsolete and rarely used in the last decade in Palestine.

5. Heating and cooling load estimation

This method is based on the principle of thermal equilibrium be-
tween building internal environment and its outside atmospheric tem-
perature. The total numbers of annual heating and cooling degree-days
(HDDs and CDDs) are calculated using Eqs. (1) and (2):

∑= − +HDD T T( )
days

b o
(1)

∑= − +CDD T T( )
days

o b
(2)

where Tb is the base temperature and To is the daily mean outdoor air
temperature. The plus sign above the parentheses indicates that only
positive values are to be counted. For Palestine weather conditions, Tb

equals 18 °C.
It should be noticed from Eqs. (1) and (2) that solar radiation effects

are not considered. An alternative approach is to use the Tsa instead of
the outside air temperature. It considers the incident solar radiation on
a wall. So, the outside temperature should be higher by an amount
equivalent to the effect of solar radiation. The solar air temperature is
given by (3):

= +
∝

−
−

T T
q
h

εσ T T
h

̇ ( )
sa o

s solas

o

o surr

o

4 4

(3)

where To is the outside air temperature, αs is the solar absorptivity of
the surface, ho is the outer surface combined convection and radiation
heat transfer coefficient, q ̇ s is the solar radiation incident on the sur-
face, ε is the emissivity of the surface, σ is the Stefan-Boltzmann con-
stant, and Tsurr is sky and surrounding surface temperature. After cal-
culating the Tsa, HDD and CDD are calculated using (1) and (2) by
assuming To equal to Tsa [25,26].

6. Analysis criteria

In this research, Life Cycle Costing (LCC) method and Simple
Payback Period (SPBP) indicator were used. SPBP is a direct indicator
which estimates the required period of time to recover an investment
through accumulating its projected savings. It is calculated using Eq.
(4).

=SPBP investment
savings (4)

where investment is the initial investment cost ($), in this research, it
stands for the cost of buying and installing the insulation with the re-
quired optimal thickness. Savings are estimated annually ($/year), and
it counts for the savings achieved after installing the insulation when
comparing it to no insulation case. SPBP is the resulted period (years).
However, although this method is widely used due to its simplicity, its
main disadvantages that it does not consider the time value of money
(discount rate) and inflation rate.

LCC got researchers attention in the last decades, it is more credible
since it considers all initial investment costs, operational and main-
tenance costs, reoccurring savings, and salvage value. It also enables
users to include the discount and inflation rates for more detailed and
accurate economic analysis. For the intended application, operational
and maintenance costs and salvage value equal zero. Adjusted interest
rate (i*) and LCC present worth (PW) are calculated using (5) and (6).

= + +i i f if* (5)

⎜ ⎟= + ⎛
⎝

+ −
+

⎞
⎠

PW IC AS i
i i
(1 *) 1

* (1 *)

n

n (6)

where IC is the installation cost ($), AS is the annual fuel savings
($/year), f is the inflation rate (%), i is the discount interest rate (%),
and n is the project expected life time in years. AS is calculated as the
difference of annual fuel costs used for winter heating and/or summer
cooling, between the base case when assuming no insulation layer in
the wall structure, and the case where a specific insulation thickness
layer has been considered. AS is calculated using (7) and (8) for winter

Table 2
Climate zones average annual weather parameters in Palestine [23,24].

City Tulkarem Jericho Hebron Jerusalem Bethlehem Jenin Gaza Nablus

Humidity (%) 69.4 52 61.8 57.0 54.7 68.9 70.8 60.5
Cooling design temperature (°C) 36.9 46.4 38.0 38.0 42.1 40.4 43.5 38.8
Heating design temperature (°C) 4.2 −0.4 −3.0 −4.1 −0.9 1.0 2.0 −2.8
Temperature (°C) 18.9 25.2 23.1 18.4 17.2 21.7 20.7 18.4
Wind speed (km/h) 6.8 2.0 3.9 3.9 3.6 2.6 – 4.98
Solar radiation (kWh/m2 day) 5.6 6.1 6.2 5.35 6.0 5.28 6.2 5.8
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heating and summer cooling, respectively.

= −
+( )

AS
HDDC PW

R LHV μ
HDDC PW

R LHV μ

86400
( )

86400
Heating

f

t w

f

t w
x
k

, , (7)

= −
+( )

AS CDDC PW
R COP

CDDC PW

R COP

86400
( )

86400
Cooling

e

t w

e

t w
x
k

, , (8)

However, although the rate of change in fuels prices is close to the
inflation rate, it is not necessarily the same. Escalation rate is con-
sidered in this research by adjusting estimated savings which are cal-
culated based on fuels prices. To do so, Eq. (9) is used.

= +− −cost cost e(1 )year y year
y

0 (9)

where costyear-y is the estimated cost of fuels at year number y based on
its cost in year number zero (present value), and e is the escalation rate
(%) [27,28].

After calculating the PW, total heating cost (CH) and total cooling
cost (CC) can be expressed based on the number of heating and cooling
degree-days using Eqs. (10)–(12) as follows:

∑= + +R R R R( )t w i i, 0 (10)

= +
+( )

C C x
HDDC PW

R LHV μ

86400
H i

f

t w
x
k, (11)

= +
+( )

C C x CDDC PW

R COP

86400
C i

e

t w
x
k, (12)

where Ci is the initial cost of insulation material per unit volume in-
cluding its labor cost [$/m3], LHV is the lower heating value of the fuel
in joules, ƞ is the average efficiency of the heating system, Cf is the cost
of fuel [$/fuel unit], Ce is the cost of electricity [$/kWh], Rt,w is the

total wall thermal resistance excluding the insulation layer [m2 K/W],
Ri and Ro are the air film internal and external thermal resistance, re-
spectively, Ri is the wall layer thermal resistance, x and k are the
thickness and thermal conductivity of insulation material in [m] and
[W/m K], respectively. Then, the optimal insulation thickness can be
obtained by minimizing Eqs. (11) and (12) and deriving the total cost
equation with respect to insulation thickness then equal it to zero. As a
result, optimal insulation thickness (xopt) for heating, cooling, and an-
nual analysis in [m] is calculated using Eqs. (13)–(15).

=
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⎝
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⎞

⎠

⎟
⎟

−−
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PW k
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86400
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,

f e

(15)

The calculated optimal thickness is based on minimizing total cost
(TC), which equals the summation of initial cost (IC) and running costs
(RC). Those costs are functions of insulation thickness, where IC in-
creases linearly with insulation thickness, while RC corresponding to
winter heating and summer cooling decreases in an inverse manner as
insulation thickness increase. Fig. 1 shows the variability of TC, RC, and
IC with insulation thickness. It is obvious from Fig. 1 that the optimal
insulation thickness can be defined as the minimum TC.

7. Methodology

To achieve research objective of finding optimal insulation thick-
ness, the researchers followed a systematic methodology. It is assumed
as a well-developed methodology since it is applied in almost all pre-
vious contributions. Research importance referred to the fact that no
previous similar contributions was conducted for Palestine case.

First step was to collect all relevant data, which are: available
market insulation types and prices, local buildings wall structures,
materials, layers thicknesses, and thermal conductivity, residential

Table 3
Typical Palestinian external walls construction and its thermal characteristics [8,23,25].

Wall type Wall layers Thickness (m) Thermal conductivity (W/mK) Uov (W/m2 K) Thermal resistance (m2 K/W)

External (I) Stone 0.07 1.70 2.77 0.361
Concrete 0.20 1.75
Plaster 0.03 1.20

External (II) External Plaster 0.02 1.20 2.98 0.336
Concrete 0.20 1.70
Internal Plaster 0.03 1.20

External (III) External Plaster 0.02 1.20 2.25 0.444
Hollow brick 0.20 0.90
Internal Plaster 0.03 1.20

External (IV) Stone 0.07 1.70 2.28 0.438
Concrete 0.20 1.75
Hollow brick 0.07 0.90
Plaster 0.03 1.20

External (V) Stone 0.07 1.70 1.62 0.617
Concrete 0.20 1.75
Air gap 0.05 0.28
Brick 0.07 0.90
Plaster 0.03 1.20

Roof Asphalt mix 0.02 0.71 3.03 0.330
Concrete 0.05 1.75
Reinforced concrete 0.06 1.76
Cement brick 0.20 0.90
Plaster 0.02 1.20

Table 4
Common insulation materials in Palestine.

Type Cost Conductivity

Polystyrene 83 $/m3 0.038W/mK
Polyurethane rigid foam 171.43 0.019W/mK
Rock wool 59.3 $/m3 0.043W/mK
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heating and cooling systems conversion efficiencies, fuels types, heating
value, and prices, and Palestine main cities average monthly tempera-
tures. In addition, local market discount, inflation, and fuel prices es-
calation rates were collected.

The optimization process started by calculating degree days for all
considered cities based on its collected monthly average temperatures
using Eqs. (1)–(3). In this context, base temperatures between 14 and

25 °C were used in the calculations to represent all user's behavior.
Calculated degree days for all cities are presented in Table 6-. The
second step was determining economic parameters to be used in cal-
culating initial, running, and total costs. In this context, adjusted in-
terest rate was calculated using Eq. (5), and fuel cost variation was
estimated using Eq. (9).

The third step is to define a reference point by which estimated
savings should be compared. To do so, Eqs. (7) and (8) where used to
calculate the annual energy saved in winter and summer seasons, re-
spectively. While Eqs. (11) and (12) where used to estimate the heating
and cooling total costs, respectively. In order to calculate annual energy
saved using Eqs. (7) and (8), and also to calculate the total heating and
cooling costs using Eqs. (11) and (12), reference point estimation (no
insulation) was estimated first, then differences with respect to in-
sulation thickness from 1 to 30 cm were calculated using 1 cm step.
Optimal insulation is at the minimum total cost value achieved.

Although previous analysis for locating minimum total cost can
estimate the optimal insulation thickness, Eqs. (13)–(15) were used to
define the optimal insulation thickness for winter, summer, and year-
round analysis. Finally, payback period for investing in buildings in-
sulation was determined using Eq. (4). Fig. 2- illustrates the metho-
dology applied for carrying out this research.

Fig. 1. Insulation thickness effects on TC, RC, and IC.

Fig. 2. Applied methodology flowchart.
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8. Results and discussion

Following the research methodology, many parameters were de-
fined based on local market conditions. Table 5 illustrates these para-
meters. All parameters presented in Table 5 are based on Palestinian
local market available heating and cooling systems performance, im-
ported fuel heating value, local buildings inside and outside thin air
film thermal resistance, external walls absorptivity and emissivity va-
lues, and local market financial rates. Remaining parameters are pre-
sented in Tables 1–4. The research included eight Palestinian gover-
norates located in West Bank and Gaza strip. Representing the majority
of Palestinian buildings, it is assumed that electricity is used for summer
cooling and LPG fuel for winter heating. DD's for each governorate were
calculated and presented in Table 6. It is obvious that reducing Tb
(< 18 °C) when calculating winter DD's will reduce the heating load
significantly. The same applies when raising it (> 18 °C) to calculate
summer DD's, cooling load will decrease. It is due to the fact that annual
heating and cooling loads affected directly by temperature difference
between building outside and inside temperatures. Practically, different
Tb values result different optimal insulation thicknesses, choosing the
suitable value depends on the behavior of the building residents and
building energy management policies.

As mentioned before, two types of available commercial insulations
are considered, polystyrene and polyurethane, denoted by I1 and I2,
respectively. For each governorate, detailed results were analyzed to
explore the relationship between insulation thickness from one side,
and costs, annual energy consumption, wall type, Tb, and SPBP from the
other side. Fig. 3 shows the detailed results obtained for Tulkarem
governorate. Due to its summer hot and humid weather, its cooling load
is expected to be relatively high, this conclusion can be reached by
looking at DD's values illustrated in Table 6. Thus, higher insulation
thickness during summer is required compared to other governorates
such as Hebron, Jerusalem, and Nablus where its summer average
temperatures are lower than the case of Tulkarem.

In Fig. 3, Tulkarem results indicate that there is no big difference
between optimal thicknesses among different wall types when assuming
Tb constant and equals to 18 °C, because thermal resistances values are
relatively similar for different wall types (Table 3). Most importantly,
considering Eqs. (13)–(15) which are used for optimal insulation
thickness calculation, the most dominant factor is the DD's, which re-
mains constant when one governorate like Tulkarem is considered. But,
when considering different insulation type, results indicate that when
considering I2 insulation type, optimal thickness is around 4 cm for all
wall types, compared to 8 cm when considering I1 type. Moreover, it
can be noticed that total annual savings in $/m2 can reach saturation at
around 8 cm when using I1 type with values vary between 4 and 8
$/m2, in comparison, it reaches saturation at around 4 cm when con-
sidering I2 with values between 4.5 and 8.5 $/m2, which means that
adding more insulation thickness above this saturation point, will not
lead to additional significant saving. All of these results are presented in
the first four subplots presented in Fig. 3. Although results vary sig-
nificantly with weather conditions, these results are within the same
range of optimal insulation thicknesses achieved by researchers in
[13–15], where optimal thicknesses achieved varied between 5 and
9 cm.

For the remaining subplots of Fig. 3, it can be noticed that Tb has a
significant effect on the optimal insulation thickness. For winter heating
(Tb from 14 to 18 °C), I1 type optimal thickness varies between 3 and
8 cm, while for I2 type, optimal thickness varies between 1.5 and
3.5 cm. This variation related to two factors which are Tb and wall type.
In the same context, for summer cooling load (Tb from 18 to 25 °C), I1
type optimal thickness varies between 6 and 0.0 cm, while for I2 type,
optimal thickness varies between 3 and 0.0 cm.

Reduction in heating and cooling loads either by applying suitable
energy management policy to decide when to turn on systems based on
our understanding of Tb variability effects or by using insulation

material will reduce its annual expenses. Practically, it is worth to
mention that Tb value and its corresponding system turning on/off
depends on occupants’ behavior regarding using heating and cooling
appliances, which in turn depends on many factors, including occu-
pants understanding of thermal comfort and the effect of thermostat
adjustment and turning on/off systems on their annual bills, occupants
clothing, gender, age, and activities. In this context, occupants’ beha-
vior can be improved positively by designing suitable national aware-
ness campaigns through different media types.

Moreover, Tulkarem governorate results show that although rigid
polyurethane foam (I2) is more expensive where it costs 171.43 $/m3 in
comparison to polystyrene which costs 83 $/m3, it enables engineers to
reduce thickness of to the half (I1) and still achieve the same optimal
point benefits. More interestingly, (I2) results show that its SPBP is a bit
smaller than (I1). So, I2 proved to be superior when compared to I1.
Finally, it can be noticed from Fig. 1 which illustrates the expected
theoretical costs of using insulation material in buildings, and Fig. 3
which illustrates Tulkarem governorate achieved results, that the total
costs function has an optimal point which is the minimum total cost.
luckily, total costs do not vary significantly when deviating +1.5 cm
from optimal thickness point. This behavior has a great value from
practical point of view, where weather annual deviation and fuel prices
fluctuations might affect the optimal point.

Generally, similar results were achieved in previous contribution
such [6, 13, 15, 16, 18, and 20]. Optimal insulation thicknesses varied
from 2 to 10 cm. However, thickness variability is a result of weather
conditions fluctuations since the mentioned previous contributions as-
sumed different case studies for different countries. In addition to that,
each case study has its unique cost values and SPBP since it depends on
fuel prices, and considered insulation materials prices. In almost all
cases, SPBP was below 3.5 years.

After understanding Tulkarem governorate results analysis.
Remaining governorates results of optimal total running costs, insula-
tion thickness, and SPBP are presented in Fig. 4 and Tables 7–10. Si-
milar to Tulkarem results, it is obvious that I2 is superior when com-
pared to I1, it reaches optimal thickness value, using half of the
insulation thickness, and its SPBP is slightly lower. Again, results show
that optimal thickness is affected significantly by changing Tb in
summer and winter.

As can be noticed from Fig. 4, SPBP values for all governorates
varied from 0.9 to 1.5 years, which are relatively short periods, and can
be assumed as an attractive investment. This is due to the fact that
energy prices in Palestine are among the highest in the world when
compared to average Palestinian income. Thus, low initial investment
value compared to running costs saving was obtained, and resulted
shorter SPBP. In some cases, such as Jericho and Hebron which are very
hot in summer and very cold in winter, respectively, Tables 7 and10
show that optimal insulation required was few millimetres, so, it is
rounded to zero. It happened when Tb was lowered in winter and raised
in summer, thus, heating and cooling loads were at its minimum values.
Despite that, it is still advisable to install at least 1 cm insulation, which

Table 5
Calculation parameters.

Ri 0.06 [m2 °C/W]
Ro 0.12 [m2 °C/W]
i 10%
f 3%
e 2.4%
n 20 [years]
ƞ 70%
LHV (for LPG) 42×106 [J/kg]
COP 3
αs 0.7
ho 20 [W/m2 °C]
ε 0.85
σ 5.67× 10 −8 [W/m2 °C]
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Table 6
Calculated summer and winter DD's.

Tb Jericho Hebron Jerusalem Tulkarem Gaza Bethlehem Jenin Nablus

Winter 14 24.8 657.8 437.2 208.6 27 315.9 107.4 352.2
15 76.3 817.8 558.2 329.6 86 436.9 197.4 473.2
16 166.3 998.8 706.2 450.6 185 557.9 315.3 594.2
17 256.3 1179.8 887.2 571.6 306 708.9 436.3 742.2
18 364.9 1360.8 1068.2 719.6 427 889.9 557.3 920.2

Summer 18 1989 456.2 768.8 1066.8 1097 971.6 1399 854.9
19 1745 303.2 584.8 882.8 871 787.6 1173 670.9
20 1513 181.2 400.8 698.8 687 603.6 968 486.9
21 1299 68.2 266.4 539.6 512 432 784 324.6
22 1094 6.2 144.4 386.6 359 300.7 600 202.6
23 909.6 0 43.4 233.6 209 178.7 431.5 92.6
24 725.6 0 0 132.6 108 83.7 300.2 18.6
25 541.6 0 0 49.6 37.2 21.7 178.2 0

Fig. 3. Tulkarem governorate optimal insulation thickness detailed results.
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initial cost will be low, and surely, will reduce annual heating and
cooling loads.

Moreover, Tables 7–10 include many optimal insulation thickness
values of 0.4 cm or below. Or even values which are annoying to be
installed practically, such as 5.1 cm. Fortunately, total cost functions in
Figs. 3 and 4 show that there are other thicknesses around the optimal
point (± 1.5 cm) that gives approximately the same total costs ($).

Thus, the authors suggest rounding all calculated optimal thicknesses,
or more simply, finding the average optimal insulation for each gov-
ernorate taking into consideration different Tb points. Following this
averaging procedure, Table 11 presents the rounded average values for
I1 and I2, assuming winter and summer seasons. Results were averaged
for each wall type assuming the sample to be all considered Tb's.

Based on the research results, it can be noticed that annual energy

Fig. 4. Total cost, optimal thickness, and SPP for all insulation and wall types.
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Table 7
Optimal I1 thickness in [cm] for different winter heating DD's base temperatures.

Tb Tulkarem Jericho Hebron Jerusalem

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

14 3 3.2 2.8 2.8 2.1 3.2 0.0 0.0 0.0 0.0 0.0 0.0 7.1 7.2 6.7 6.8 6.1 7.2 5.4 5.5 5.1 5.1 4.1 5.5
15 4.4 4.5 4.1 4.1 3.4 4.5 1.0 1.1 0.7 0.8 0.1 1.2 8.1 8.2 7.8 7.8 7.1 8.2 6.3 6.4 6.0 6.0 5.4 6.5
16 5.5 5.6 5.2 5.2 4.5 5.6 2.5 2.6 2.2 2.2 1.6 2.6 9.2 9.3 8.9 8.9 8.2 9.3 7.4 7.5 7.1 7.1 6.4 7.5
17 6.4 6.5 6.0 6.2 5.5 6.6 3.6 3.7 3.3 3.3 2.7 3.8 10.1 10.2 9.8 9.9 9.2 10.3 8.5 8.6 8.2 8.2 7.6 8.6
18 7.5 7.6 7.2 7.2 6.5 7.6 4.7 4.8 4.4 4.4 3.8 4.8 11.1 11.1 10.7 10.8 10.1 11.2 9.6 9.7 9.2 9.3 8.5 9.7

Tb Bethlehem Jenin Gaza Nablus

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

14 4.3 4.3 3.9 4.0 3.3 4.4 1.6 1.7 1.3 1.3 0.7 1.7 0.0 0.0 0.0 0.0 0.0 0.0 4.6 4.7 4.3 4.3 3.6 4.7
15 5.4 5.5 5.1 5.1 4.4 5.5 2.9 3.0 2.6 2.6 1.7 3.0 1.2 1.3 0.9 0.9 0.3 1.4 5.7 5.8 5.4 5.4 4.7 5.8
16 6.3 6.4 6.0 6.0 5.4 6.5 4.3 4.3 3.9 4.0 3.3 4.4 2.8 2.9 2.5 2.5 1.8 2.9 6.6 6.7 6.3 6.3 5.6 6.7
17 7.4 7.5 7.1 7.1 6.4 7.5 5.4 5.5 5.1 5.1 4.4 5.5 4.2 4.3 3.8 3.9 3.2 4.3 7.6 7.7 7.3 7.3 6.7 7.7
18 8.5 8.6 8.2 8.3 7.6 8.7 6.3 6.4 6.0 6.0 5.4 6.5 5.3 5.4 5.0 5.0 4.3 5.4 8.7 8.8 8.4 8.4 7.8 8.8

Table 8
Optimal I1 thickness in [cm] for different summer cooling DD's base temperatures.

Tb Tulkarem Jericho Hebron Jerusalem

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

18 6.0 6.1 5.7 5.7 5.0 6.1 8.9 9.0 8.6 8.6 8.0 9.0 3.2 3.3 2.9 2.9 2.2 3.3 4.8 4.9 4.5 4.5 3.8 4.9
19 5.3 5.4 5.0 5.0 4.3 5.4 8.2 8.3 7.9 7.9 7.3 8.3 2.2 2.3 1.9 1.9 1.3 2.4 3.9 4.0 3.6 3.6 2.9 4.0
20 4.5 4.5 4.1 4.2 3.5 4.6 7.5 7.6 7.2 7.2 6.5 7.6 1.3 1.4 0.9 1.0 0.3 1.4 2.9 3.0 2.6 2.6 1.9 3.0
21 3.7 3.8 3.4 3.4 2.7 3.8 6.8 6.9 6.5 6.5 5.8 6.9 0.0 0.0 0.0 0.0 0.0 0.1 2.0 2.1 1.6 1.7 1.0 2.1
22 2.8 2.9 2.5 2.5 1.8 2.9 6.1 6.2 5.8 5.8 5.1 6.2 0.0 0.0 0.0 0.0 0.0 0.0 0.9 1.0 0.6 0.6 0.0 1.0
23 1.7 1.8 1.4 1.4 0.7 1.8 5.4 5.5 5.1 5.1 4.4 5.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.8 0.9 0.5 0.5 0.0 0.9 4.6 4.7 4.3 4.3 3.6 4.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 3.7 3.8 3.4 3.4 2.7 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Tb Bethlehem Jenin Gaza Nablus

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

18 5.6 5.7 5.3 5.3 4.6 5.7 7.2 7.3 6.8 6.9 6.2 7.3 6.1 6.2 5.8 5.8 5.1 6.2 5.1 5.2 4.8 4.9 4.2 5.3
19 4.9 5.0 4.5 4.6 3.9 5.0 6.4 6.5 6.1 6.1 5.4 6.5 5.2 5.3 4.9 4.9 4.2 5.3 4.3 4.4 4.0 4.0 3.4 4.4
20 4.0 4.1 3.7 3.7 3.0 4.1 5.6 5.7 5.3 5.3 4.6 5.7 4.4 4.5 4.1 4.1 3.4 4.5 3.4 3.5 3.1 3.1 2.4 3.5
21 3.1 3.2 2.7 2.8 2.1 3.2 4.8 4.9 4.5 4.5 3.9 5.0 3.5 3.6 3.2 3.2 2.5 3.6 2.4 2.5 2.1 2.1 1.4 2.5
22 2.2 2.3 1.9 1.9 1.2 2.3 4.0 4.1 3.7 3.7 3.0 4.1 2.6 2.7 2.3 2.3 1.6 2.7 1.4 1.5 1.1 1.2 0.5 1.6
23 1.2 1.3 0.9 0.9 0.3 1.4 3.1 3.2 2.7 2.8 2.1 3.2 1.5 1.6 1.2 1.2 0.5 1.6 0.3 0.4 0.0 0.0 0.0 0.4
24 0.2 0.3 0.0 0.0 0.0 0.3 2.2 2.3 1.9 1.9 1.2 2.3 0.5 0.6 0.2 0.2 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 1.2 1.3 0.9 0.9 0.3 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 9
Optimal I2 thickness in [cm] for different winter heating DD's base temperatures.

Tb Tulkarem Jericho Hebron Jerusalem

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

14 1.5 1.5 1.3 1.4 1.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 3.5 3.5 3.3 3.3 3.0 3.5 2.6 2.7 2.5 2.5 2.1 2.7
15 2.1 2.2 2.0 2.0 1.7 2.2 0.5 0.5 0.3 0.4 0.0 0.6 4.0 4.0 3.8 3.8 3.5 4.0 3.1 3.2 2.9 3.0 2.6 3.2
16 2.7 2.7 2.5 2.5 2.2 2.7 1.2 1.3 1.1 1.1 0.7 1.3 4.5 4.5 4.3 4.3 4.0 4.6 3.6 3.7 3.5 3.5 3.1 3.7
17 3.2 3.2 3.0 3.0 2.7 3.2 1.8 1.8 1.6 1.6 1.3 1.8 5.0 5.0 4.8 4.8 4.5 5.0 4.2 4.2 4.0 4.0 3.7 4.2
18 3.7 3.7 3.5 3.5 3.2 3.7 2.3 2.4 2.2 2.2 1.8 2.4 5.4 5.6 5.3 5.3 4.9 5.5 4.7 4.7 4.5 4.5 4.2 4.7

Tb Bethlehem Jenin Gaza Nablus

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

14 2.1 2.1 1.9 1.9 1.6 2.1 0.8 0.8 0.6 0.6 0.3 0.8 0.0 0.0 0.0 0.0 0.0 0.0 2.3 2.3 2.1 2.1 1.8 2.3
15 2.6 2.7 2.5 2.5 2.1 2.7 1.4 1.5 1.3 1.3 0.9 1.5 0.6 0.6 0.4 0.4 0.1 0.7 2.8 2.8 2.6 2.6 2.3 2.8
16 3.1 3.1 2.9 3.0 2.6 3.2 2.1 2.1 1.9 1.9 1.6 2.1 1.4 1.4 1.2 1.2 0.9 1.4 3.2 3.3 3.1 3.1 2.7 3.3
17 3.6 3.7 3.5 3.5 3.1 3.7 2.6 2.7 2.5 2.5 2.1 2.7 2.0 2.1 1.9 1.9 1.5 2.1 3.7 3.8 3.6 3.6 3.2 3.8
18 4.2 4.2 4.0 4.0 3.7 4.2 3.1 3.1 2.9 3.0 2.6 3.2 2.6 2.6 2.4 2.4 2.1 2.6 4.3 4.3 4.1 4.1 3.8 4.3
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saving is achievable through using insulation in buildings, in this con-
text, the authors find that PENRA should collaborate with all related
parties to obligated insulation requirements in new buildings by in-
cluding it in the Palestinian buildings code. This step will help PENRA
specifically in achieving their national energy conservation goals in a
cost-efficient way, it will create new employment and investment op-
portunities through establishing market needs for insulation trading
and installation companies, and will reduce Palestinian dependency on
imported energy.

9. Conclusion and recommendations

An economic model, based on life-cycle cost analysis over a building
lifetime of 20 years, is used in order to determine an optimum insula-
tion thickness which considers climatic conditions, wall structure, type
and cost of insulation, cost of energy, and other economic parameters.
Comparison of optimum insulation thickness values and resulting en-
ergy savings and payback periods analysis were performed for eight
different governorates in Palestine. Two insulation materials named

Table 10
Optimal I2 thickness in [cm] for different summer cooling DD's base temperatures.

Tb Tulkarem Jericho Hebron Jerusalem

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

18 2.9 3.0 2.8 2.8 2.4 3.0 4.4 4.4 4.2 4.2 3.9 4.4 1.6 1.6 1.4 1.4 1.1 1.6 2.3 2.4 2.2 2.2 1.8 2.4
19 2.6 2.6 2.4 2.4 2.0 2.6 4.0 4.1 3.9 3.9 3.5 4.1 1.1 1.1 0.9 0.9 0.6 1.1 1.9 1.9 1.7 1.8 1.4 2.0
20 2.2 2.2 2.0 2.0 1.7 2.2 3.7 3.7 3.5 3.5 3.2 3.7 0.6 0.7 0.4 0.5 0.1 0.7 1.4 1.4 1.2 1.3 0.9 1.5
21 1.8 1.8 1.6 1.6 1.3 1.8 3.3 3.4 3.2 3.2 2.9 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.9 1.0 0.8 0.8 0.5 1.0
22 1.4 1.4 1.2 1.2 0.9 1.4 3.0 3.0 2.8 2.8 2.5 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.5 0.3 0.3 0.0 0.5
23 0.8 0.9 0.7 0.7 0.3 0.9 2.6 2.7 2.5 2.5 2.1 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.4 0.4 0.2 0.2 0.0 0.4 2.2 2.3 2.1 2.1 1.7 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 1.8 1.8 1.6 1.6 1.3 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Tb Bethlehem Jenin Gaza Nablus

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

18 2.7 2.8 2.6 2.6 2.3 2.8 3.5 3.6 3.3 3.4 3.0 3.6 3.0 3.0 2.8 2.8 2.5 3.0 2.5 2.6 2.4 2.4 2.0 2.6
19 2.4 2.4 2.2 2.2 1.9 2.4 3.1 3.2 3.0 3.0 2.6 3.2 2.5 2.6 2.4 2.4 2.1 2.6 2.1 2.2 2.0 2.0 1.6 2.2
20 1.9 2.0 1.8 1.8 1.5 2.0 2.7 2.8 2.6 2.6 2.3 2.8 2.1 2.2 2.0 2.0 1.7 2.2 1.6 1.7 1.5 1.5 1.2 1.7
21 1.5 1.5 1.3 1.3 1.0 1.5 2.4 2.4 2.2 2.2 1.9 2.4 1.7 1.8 1.6 1.6 1.2 1.8 1.2 1.2 1.0 1.0 0.7 1.2
22 1.1 1.1 0.9 0.9 0.6 1.1 1.9 2.0 1.8 1.8 1.5 2.0 1.3 1.3 1.1 1.1 0.8 1.3 0.7 0.7 0.5 0.6 0.2 0.8
23 0.6 0.6 0.4 0.4 0.1 0.7 1.5 1.5 1.3 1.3 1.0 1.5 0.7 0.8 0.6 0.6 0.2 0.8 0.1 0.2 0.0 0.0 0.0 0.2
24 0.1 0.1 0.0 0.0 0.0 0.1 1.1 1.1 0.9 0.9 0.6 1.1 0.2 0.3 0.1 0.1 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.6 0.4 0.4 0.1 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 11
Rounded average optimal thickness in [cm] for winter and summer.

Tulkarem Jericho

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

I1 heating 5 5 5 5 4 6 2 2 2 2 2 2
I2 heating 3 3 2 2 2 3 1 1 1 1 1 1
I1 cooling 3 3 3 3 2 3 6 7 6 6 5 7
I2 cooling 2 2 1 1 1 2 3 3 3 3 3 3

Bethlehem Jenin

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

I1 heating 6 6 6 6 5 7 4 4 4 4 3 4
I2 heating 3 3 3 3 3 3 2 2 2 2 2 2
I1 cooling 3 3 2 2 2 3 4 4 4 4 3 4
I2 cooling 1 1 1 1 1 1 2 2 2 2 2 2

Hebron Jerusalem

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

I1 heating 9 9 9 9 8 9 7 8 7 7 6 8
I2 heating 4 5 4 4 4 5 4 4 3 4 3 4
I1 cooling 1 1 1 1 0 1 2 2 2 2 1 2
I2 cooling 0 0 0 0 0 0 1 1 1 1 1 1

Gaza Nablus

W1 W2 W3 W4 W5 Rf W1 W2 W3 W4 W5 Rf

I1 heating 3 3 2 2 2 3 7 7 6 6 6 7
I2 heating 1 1 1 1 1 1 3 3 3 3 3 3
I1 cooling 3 3 3 3 2 3 2 2 2 2 1 2
I2 cooling 1 2 1 1 1 2 1 1 1 1 1 1
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Polystyrene and Polyurethane were used at the study to find the annual
cost savings due to use of insulation materials. DD method was im-
plemented to estimate annual heating and cooling load for each gov-
ernorate. It was found that changing the base temperature (Tb) in cal-
culating the DD has a significant effect on defining the optimal
insulation thickness.

Investigations were carried out using a model built with Microsoft
EXCEL sheets. It was built using real local market economic and tech-
nical parameters, LPG (1.36 $/kg) was considered for winter heating,
and electricity (0.2 $/kWh) for summer cooling. Results revealed that
using building insulation is very profitable since it has a SPBP of 1.5
years or less. Optimal thicknesses varied between 0.4 and 9 cm, to keep
it with practical value, results were rounded to the closest integer.
Although Palestinian market still dominated by using Polystyrene in-
sulation, results proved that Polyurethane is better, its optimal thick-
ness is almost half the thickness of polystyrene, and its SPBP is slightly
lower.

It should be kept in mind that the achieved results are specific to the
considered case studies, and different DD's, fuel prices, insulation
prices, heating system efficiency, cooling system COP, and/or economic
parameters will produce different optimal thicknesses.
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