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Energy Efficiency. The rising electricity demand in Libya, particularly from the residential sector, underscores the
Insulation Optimization. urgent need for sustainable energy solutions. This study investigates the potential of integrating
Renewable Energy Integration. energy-saving technologies, including solar water heating systems, photovoltaic (PV) cells,
Residential Energy Consumption. optimized insulation materials, and compact fluorescent lamps (CFLs), to enhance energy
Solar Energy. efficiency in Libyan households. A comprehensive methodology was employed, combining

theoretical analysis and simulation-based evaluations across diverse climatic zones in Libya.
Key findings reveal that adopting these integrated technologies can significantly reduce energy
consumption, lower greenhouse gas emissions, and achieve considerable cost savings. For
instance, optimizing insulation material thickness led to annual energy savings of up to 30%
with payback periods between 4 to 6 years, while leveraging Libya’s abundant solar resources
further amplified these benefits. This research provides actionable insights for policymakers
and stakeholders to promote sustainable practices and reduce the country’s dependence on fossil
fuels, aligning with global efforts to combat climate change and enhance energy security.

ozl WBlatl cLeias asg Jtad) Jyadl oLt sluaed 3 2uSCaudl LA 3 28U 5oLaS (ppunns

ST (I SOV NE TR N SEOeS

Lad (g3l «3lin Aaaly (ALK duwaiy )l cud®
Lad (@3lans ¢ SIS Aol 2as 2,0P

s Lat | LI oaslll
A3kl elaS Il ) Aelll aa el e ¢ guall Aaolytdl s Lol o 380ll g Uaill cyn Lmgans: clind 3 ¢ Loy SO e bl iyl

Jpadl s ana ) BBUAIL s L) tead Aalail U3 § Loy A8 pd55 ol e 2(80) (§ Bazes Aulyll el A3l
Baazill d8lall s Bkl § 28Ul 5c S 5501t ((CFLS) Zmaall 2yslall zolially 2l Jiall slse (PV) dsgins (SO DI
@Sl Il Lslie @bl pe 3KLall e Al clogatlly ol Jedmall o pems (lold Lumeio pluseial o3 Al
oAt AU Il oo S S Jay o (S 2lalSall calyianll s s o0 Lsnst I i) Ca i L) 3 Aegiie

5ol close s (631 (JUL) Jaao e A 3 S Slygdy 3amag «Sylyll elits¥l clile clilagl adsg
3515kt IMaal ol Loy ccnlgiee 6 14 s 905 RIS sl il 178 pe 730 sy 8 2l 5395 1) sl
Alall Clrasly laloadl ilal duaull 35 g5, Lalydl oda 4855 .5lsall sda ¢y Lud 3 8adsll et
ULl i 2 8ISL A ladl sgandl e los Lo ¢ 39258 353901 e 3 slozel Julasy Lol aiadl coluoslol | upard

Laalall uﬂi ).:).dj

*Corresponding author.
E-mail addresses: aymankhaalifa@gmail.com, (A. Bodalal) awad.bodalal@gmail.com, (S. Masheiti) Salah.Masheiti@uob.edu.ly, (O. Aladwli)
Omar.Aladoli@gmail.com.

Article History : Received 09 March 25 - Received in revised form 05 May 25 - Accepted 24 May 25


http://www.sebhau.edu.ly/journal/jopas

Enhancing Energy Efficiency in Libyan Residential Buildings: Selecting Optimal Insulation and Integrating Renewable Energy...... Bodala et al.

1. Introduction:

The global energy landscape has undergone significant changes in
recent decades, driven by the twin challenges of rising energy demand
and the urgent need to mitigate climate change. Fossil fuel depletion,
escalating energy costs, and environmental degradation have
collectively underscored the necessity for transitioning towards
renewable and energy-efficient solutions. Among these, solar energy
has emerged as a particularly promising option due to its abundance,
sustainability, and minimal environmental impact. Libya, with its
favorable geographic location and substantial solar radiation levels [1]
averaging between 7.1 kWh/m?/day in coastal regions and 8.1
kWh/m2/day in southern areas [2] is exceptionally well-positioned to
harness solar energy. Despite this potential, the nation’s energy
infrastructure remains heavily reliant on conventional sources,
resulting in inefficiencies, high greenhouse gas emissions, and
increasing energy costs for residential consumers. Residential
buildings in Libya consume approximately 40% of the country's total
electricity [3], making them a critical sector for implementing energy-
saving measures. Technologies such as solar water heating systems,
photovoltaic (PV) cells, compact fluorescent lamps (CFLs), and
insulation materials have shown significant promise in enhancing
energy efficiency. However, their adoption remains limited due to
economic, infrastructural, and cultural barriers. Additionally, most
existing research in the Libyan context has focused on isolated energy-
saving technologies or specific geographic regions, leaving a notable
gap in understanding the combined effects of multiple solutions across
diverse climatic zones. This lack of integration and comprehensive
analysis presents a critical research gap that this study aims to address.
The primary objective of this research is to evaluate the combined
impact of solar energy systems, optimized insulation materials, and
energy-efficient lighting on energy consumption and greenhouse gas
emissions in the Libyan residential sector. By integrating diverse
methodologies, including the calculation of cooling and heating
degree days (CDD and HDD), field measurements of water and
electricity usage, and cost-benefit analyses of insulation materials and
renewable energy systems, the study seeks to provide actionable
insights for sustainable energy management in Libya. Furthermore, it
aims to contribute to global efforts in climate change mitigation by
demonstrating how a developing nation with abundant solar resources
can transition towards energy sustainability.

The existing body of literature highlights the potential of energy-
saving technologies in reducing energy consumption and minimizing
environmental impact. For instance, studies by Dombayci and
Bolatturk [14] have demonstrated the effectiveness of calculating
CDD and HDD to optimize insulation thickness, leading to significant
reductions in heating and cooling energy demands. Similarly, Duffie
and Backman’s research on flat-plate solar collectors underscores their
economic and environmental advantages for water heating, identifying
them as one of the most cost-effective methods for harnessing solar
energy. Comakli and Yuksel’s investigations into insulation materials
revealed that optimizing insulation could reduce CO2 emissions by up
to 50%. These findings provide a robust foundation for understanding
the technical and environmental benefits of energy optimization.
However, the Libyan context presents unique challenges and
opportunities. The country’s diverse climatic zones ranging from
coastal Mediterranean climates to arid desert regions—require tailored
approaches to energy efficiency. Despite this diversity, empirical data
on the economic feasibility and environmental impacts of integrated
energy-saving solutions in Libyan households remain scarce. Existing
studies often overlook the synergistic benefits of combining
technologies such as PV cells, solar water heaters, and insulation
optimization. Additionally, the limited availability of high-quality data
on energy consumption patterns and the underdeveloped state of
Libya’s energy infrastructure further complicates the implementation
of sustainable solutions.

This study addresses these gaps by conducting a holistic evaluation of
energy-saving measures tailored to Libya’s climatic and economic
conditions. It integrates theoretical modeling and cost-benefit analyses
to quantify the potential reductions in energy consumption, costs, and
greenhouse gas emissions achievable through the adoption of
renewable and energy-efficient technologies. By leveraging Libya’s
abundant solar resources and optimizing insulation materials, the

research aims to provide policymakers and stakeholders with
evidence-based recommendations to enhance energy efficiency,
reduce environmental impact, and promote sustainable development.
In conclusion, the research contributes to the growing body of
knowledge on sustainable energy practices by addressing critical gaps
in the literature and demonstrating the feasibility of integrated energy-
saving solutions in a developing country context. It not only highlights
the technical and economic benefits of these technologies but also
underscores their potential to transform Libya’s residential energy
landscape, aligning with global objectives for a sustainable and low-
carbon future.

2. Methodology:

The methodology employed in this study is designed to systematically
evaluate the potential of integrated energy-saving technologies in
enhancing energy efficiency and reducing greenhouse gas emissions
in the Libyan residential sector. This section outlines the governing
equations, analytical techniques, and the rationale behind the chosen
methodologies, ensuring their alignment with the study’s objectives
2.1. Research Design and Approach:
A multimethod approach was adopted, integrating theoretical analysis,
field measurements, and simulation-based evaluations. This
comprehensive methodology enabled the assessment of the combined
impact of solar water heating systems, photovoltaic (PV) cells,
optimized insulation materials, and compact fluorescent lamps (CFLs)
on energy consumption and environmental outcomes across diverse
Libyan climatic zones. The inclusion of multiple analytical techniques
provided a robust framework for addressing the research objectives
and filling existing gaps in the literature.

2.2.Governing Equations:

a.Equations for the Wall:

The second aim of this study is to calculate the optimum insulation
thickness and perform a cost analysis study. This subsection is devoted
to illustrate energy and cost analysis calculations. In order to lower the
heat flow from outside to inside buildings that have air conditions, an
insulation material is usually used. This material has a very low
thermal conductivity. In this case, a suitable insulation material with
its optimal thickness is necessary in order to obtain optimum air
conditioning system. The insulation thickness increases the
investment cost, but the cost of energy will decrease, until at a point,
the thickness of the material is optimum and will give the highest
overall cost savings. This can be done by conducting life cycle cost or
cost-benefit analysis due to the installation of insulation material. To
calculate cost-benefit, it is necessary to know the total cost of the
insulation (Ci) which can be calculated from the following:
Ci=Ax*Cq it 1
Where
A: Surface area (m?).

x: Insulation thickness (m).

C,: Cost of insulation per unit volume (LD/m3).
Annual saving (S) can be calculated as follows:

S=Cf0_Cw_Ci ................................................. (2)
Where:

Cro: Total cost of energy consumption annually without insulation
(LD/m?).

C, : Total cost of energy consumption annually with insulation
(LD/m?).

C;: Total cost of insulation (LD/m?).
While the total cost of energy consumption can be calculated as
follow:

Cro=Ep*Cp*P oo 3
Where
E,,: Total amount of energy consumption for air conditioning.
Qw
W Gt 4)
Where:

Q,,: Heat transmission through the building envelope (W /m?).
Cop: Coefficient of performance.
Figure (1) show a cross-sectional view for typical external walls in
Libya and a cross-sectional view for the insulated external walls.
(i) Reference wall (uninsulated) (ii) Wall with insulation
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Figl: The reference and the insulated walls
Table (1) The thermal and some other important information for the
two walls illustrated above.

Table 1: Structure of the walls (reference and insulation)

Wall layer Reference wall Insulation wall
L1 Plaster (20 mm) Plaster (20 mm)
L2 Hollow concrete block Hollow concrete block
(200mm) (100mm)
L3 Plaster (30 mm) Insulation layer
La Hollow concrete block
(100mm)
L5 Plaster (30 mm)

This thermal transmission process through the wall can be calculated
by the following equation:

Qu = 0.024 % U, * CDD Or HDD  ........ccoveeeeeeae. )
CDD: Cooling degree day (°Cday).

HDD: Heating degree day (°Cday).

U,,: Overall heat transfer coefficient with insulation.

Uy: Overall heat transfer coefficient without insulation.

Substitute equation (5) into equation (4) we get:
E = 0.024xU,,*CDD (8)
W S T gy e
Substitute equation (8) into equation (3) we get:
_ 0.024%Uy*CDD*Cg*P

Cro = T op e O]
And
0.024*U,,*CDD*Cg*P
Crw = TE ............................................ (10)
Sub. equation (9) and (10) into equation (1)
0.024xU,,*xCDD*Cg*P
S = [TE] ¥ (Ug—Uyp) —xChueeninninin . 1

S: Annual saving (LD/m?).

The optimum insulation thickness is obtained by maximizing the net
saving (S). Therefore, derivative at (S) with respect to (x) and equate
it with zero [22].

—=0.

dx

8S _ R%*Kins*(0.024+CDD*Cp*P) C
0x  Cop*(Rly*Kins+Ren+x)? A

Solve for x (x=X,,;) we get:
{(R‘Z,Jt*Kins*O.024*CDD*CE*P

1/, } 2
2t —(R5,+*K ;.
Ty )2} ~(Rc*Kins)

Xopt = Rort
where;

Xope: The optimum thickness of insulation (m).

C,4: Cost of insulation per unit volume (LD/m3).

R,,+: Thermal resistance of the composite wall (m2°C/W).

P: Life cycle parameter (assumed 25- 30 years).

CDD: Cooling degree day (°C day).

Kins: Thermal conductivity of the insulation (W /m.°C).

Cg: Cost of electricity (LD).

To get the payback period use equation (11) with (U, — U,,,) = AU
AU = (13)

R} t#Kins+Rwe*x
Sub. equation (13) into equation (11) and equal it with zero and solve
for P we get
Ca*Cop*[RE ¢ *Kins+ Rwe*x]
P= (00T CeCDD) oo (14)
P: The payback period (year).
b. Equations for Energy Consumption for Water Heating:

The most important parameter that needs to be considered in the
design of a water heating system is the hot water demand over a certain
period of time (hourly, daily or monthly).
Qrg=V*p* Cpx(Tyy —Trp)eeeieiiiiii (15)
Where:
Qrq: The heat energy required for heating water in (KJ/Day).
V: The volumetric consumption.
p: The density of water (kg/m3).
C,: The specific heat of water (KJ/Kg °C).
T,n: The temperature of the cold water supplied by public mains (°C).
T,: The temperature water distribution (°C).
Using the suitable conversion factor (1/3.6 * 10°) to convert from
(J/day) to (KWh/day) we can get the amount of electricity required
to heat a specific amount of water from T,,, to T,,,.
Qrq ¥103+30
Erq = 3.6%106
If the two temperatures in Eqg. (15) are known for a particular
application, the only parameter on which the energy demand depends
is the hot water volumetric consumption. This can be estimated
according to the period of time investigated.
For example, for the monthly water demand, the following equation
can be used:
V = Naay * Npersons * Vperson -+ evvevemmierenininniin, (17)
Where:
Ngqy: The number of days in a month.
Npersons: The number of persons served by the water heating system.
Vperson: The volume of hot water required per person.
The volumetric consumption varies considerably from person to
person and from day to day. For instance, the habits of users, the
weather conditions of locality and various economic conditions.
c.Equations Used to Calculate Electricity Consumption of Water
Heating:
Based on the solar hot water collector theory The thermal
efficiency.
N = AQ_% ................................................... (18)
¢, : The solar collector thermal efficiency

Q.,: The amount of useful energy collected (J/day).

A.: The surface area of the collector (m?).

H,: The solar intensity of a specific location (M]/m?).
Using the suitable conversion factor (1/3.6 * 10°) to convert from
(J/day) to (KWh/day) we can get the amount of electricity required

to heat a specific amount of water from T, to T,,.

*1073)* 3%
E, = Qi 080 .. (19)

3.6%106
Ewp = Epg—Ey oo (20)
Ewy: The difference between energy demand in Regular home and
contribution of solar collector (KJ/KWh) energy consumed by the
Integrated home from the electrical grid due to water heating
(KWh/month).
d. Equation Used for Calculating the Total Amount of Energy

Consumption for Lighting:

__ 30x Bulb powerx* nx Average operation

Ejigne = YT R TP PSPPI 1)
Where:

Ejigne - Total amount of energy consumption for lighting
(KWh/month).

Bulb power: The wattage per lamp (watt).
n: The total number of lamps in the home.
Average operation: The average operating hours per day in the
house (Hr).
e.Equation Used for Calculating the Total Amount of Energy
Consumption for Appliances:
The first step is to find out the total power and energy consumption
of all loads that need to be supplied by the solar PV system.
Ecr =30 %
Electrical energy consumption due to appliance (I;Twzl) ... (22)

Where:
Ecg: Electrical energy consumption due to appliance

in a regular home (KWh/month).
__ 30% PGF * Npy = PV Cell Watts

E¢ = - 23)
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Where:

E¢;: Total amount of (KWh) heat PV cell going to each month
(KWh/month).

PGF: The power generation factor in a specific location.

Npy : The number of PV cell panels used (w).

PV Cell Watts: The watts of each PV cell (w).

Enpp =EcR — Ecpeveeoveeeiiciice
Where:

Eupp: The difference in (KWh/month) between the actual need
(monthly) and contribution of PV cell panels (monthly).

Total electrical energy consumed (Kwh/month) = total electrical
energy for hot water + lighting + Appliance..... . (25)

f. Equations for Savings in Electricity Bills:

The cost of the electricity bill can be calculated as follows:

Cost of electricity bill (LD/month) = Electricity Consumed(KWh/

month) * Electricity Price (LD/KWh)...... . (26)
Therefore, the saving is the difference between the two scenarios.
CWH = EWH * CE ............................................. (27)
Where:

Cwy: The cost of electrical bill from hot water (LD /month).

Cg: The electricity cost (LD /KWh).

Clight = Elight * CE ........................ . (28)

Ciigne: The cost of electrical bill from lighting (LD /month).

Capp = Eapp * Cheveveeeiiiiiiiieecees e (29)

Capp: The cost of electrical bill from Appliance (LD /month).

Total electrical energy consumed (Kwh/month) = total electrical
energy for (hot water + lighting +  Appliance)
................................................. (30)

the cost of the equipment

- Anually saving electrical energy
Pb: Total payback period (year).
g.Equations for Environmental Impact Assessment:
The reduction in greenhouse gas emissions is quantified using the
following:
The amount of greenhouse gases emitted from power station can be
summered by the following table (2).

Table 2: Emissions amount of green gases by power plants [23].
EMISSION FACTOR (KG/KWH)

FUELS co, S0, NOy co
COAL 1.18 0.0139 0.0052 0.0002
PETROLEUM 0.85 0.0164 0.0025 0.0002
GAS 0.53 0.0005 0.0009 0.0005
Therefore, the emitted greenhouse can be calculated as follows:
Total CO, = 0.53 * Electricity saved (KWh)
................................. (32)
Total CO = 0.0005 * Electricity saved (KWh)
.................................. (33)
Total NOy = 0.0009 * Electricity saved (KWh)
................................. (34)
Total S50, = 0.0005 * Electricity saved (KWh)
.................................. (35)
Thermal pollutant = (Total amount CO, saved/
0.001016..................... (36)
Number of trees = (Total amount CO, saved/1000)/ 12
................................. 37

This equation is based on that, every 1 fully grown tree consumes 12

kg of CO, annually.

Where:

€O, : The amount of CO, emission(Kg/ year).

CO: The amount of CO emission(Kg/ year).

NOy : The amount of NOy emission(Kg/ year).

S0, : The amount of SO, emission(Kg/ year).

Thermal Pollutant: Thermal energy Emitted (KCal/year).

h. Equations for Home Energy Rating Standard (HERS)
Calculations:

The HERS index is a measurement of a home's energy efficiency and

there are a lot of great reasons why a home energy rating should be

performed on houses. The HERS index score indicates how well the

home performs in regards to energy. The HERS report outlines the

energy features of the home and the expected cost of utility bills. You

will be provided with invaluable information about the house you live

in, like how efficiently it's operating and areas where modification can
be made for greater energy saving.

The HERS index equation:

HERS Index =

(Ewn+Elight +Eapp+Ecooling*EHeating) Integrated home

PE * 100 .(38
frac (EWH+Elight+EApp+ECaaling+EHeating) Regular home ( )
PEf.q: Energy fraction
Eused_Eproduced
PEfruc = E T ceeees erereseinens (39)
used

e A home that produces no power ( Eproqucea =0) has a
PEf.qc = 1 and doesn't affect the HERS index score.

e A home producing an amount of energy equal to half of what it
uses (Eproqucea = 0.5 * Eyseq ) Will have a PEg.q. = 0.5,
which will cut the HERS index by half.

e A home producing the same amount of energy as it produces
(Eproduceda = Eusea) Will have a PEg.,. = 0, producing a
HERS index score of 0. This is a net-zero energy home.

e A home producing more energy than it used (Eproqucea >
Eysea) Will have a negative PEf,q., and therefore a negative
HERS index score.

The methodologies are grounded in established academic practices,
ensuring validity and reproducibility. By integrating multiple
approaches, this study not only addresses the identified research gaps
but also contributes novel insights into the sustainable energy practices
required for developing nations.

3. Results:

The results of this study highlight the significant potential of integrated
energy-saving technologies in improving energy efficiency and
reducing greenhouse gas emissions in Libyan residential buildings.
This section presents key findings in an organized manner, discusses
their implications, and identifies areas where clarification or
optimization is needed to enhance the interpretability and utility of the
results.

3.1 Results for Wall Insulation:

a.Optimization of Insulation Thickness: The analysis of insulation
materials across different climatic zones demonstrated a direct
correlation between Cooling and Heating Degree Days (CDD/HDD)
and the optimum insulation thickness. For instance, in Benghazi, with
a CDD of 1089.725 °C-day, polyurethane was identified as the most
cost-effective insulation material, offering an annual energy savings
of 30% with a payback period of approximately 5.4 years. Expanded
polystyrene and fiberglass also showed significant savings but were
less efficient than polyurethane under similar conditions.

Table 3: Results of insulation material calculations for the city of
Benghazi (CDD = 1089.725°C day ).
Insulation material
Fiberglass Polyurethane  polystyrene

Description

Thermal  conductivity, K

(W/m°C) 0.050 0.025 0.032

Cost of insulation, €4, (LD/m3) 142 156 170

Optimum thickness, X, (m) 0.0536 0.04 0.0412

Annual energy consumption,

E, 8.5906 6.3669 7.5196
(KWh/m?year)

Insulation cost, C; (LD/ m?) 7.6112 6.24 7.004

Payback period, (year) 7.2731 5.3904 6.3663

'{*T";i“/r;tnz z?;e)coz EMISSION 5 5235 05790 05502

The anznual saving per unit area 38134 46664 42135

(LD/m? year)

b. Development of Empirical Correlation: In the order to get a
complete view of parameters affecting the thermal performance of the
wall, the relationship between the optimum insulation thickness of the
insulation material (X,,;,) and the (CDD/HDD) has to be investigated.
An empirical correlation for the optimum thickness is proposed in this
study. The rest of this branch section will be dedicated to developing
this empirical correlation. Thermal transmission in a certain material
depends upon its thermal properties (in this case the thermal
conductivity) and the thickness of that material. The lower the thermal
conductivity, the lower the thermal transmission. Likewise, the thicker
the insulation material, the less thermal transmission. Therefore, there
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is an expected relationship between the thermal conductivity and

optimum thickness for an energy insulation material. To our Table 5: The effect of collector thermal efficiency on other
knowledge, this relation has not been discovered yet for the climate of parameters
Libya. This study will propose an empirical correlation between the Thermal Environmental Pollution
optimum thickness (X,,) and the (CDD/HDD) for the temperature  fficiency Regular home Integrated home Payback
values usually experienced in Libya. of Thermal Thermal HE/RS Period
As shown in Fig:2 the relationship between ( X,,) and the collector 02 Energy Co2 Energy %0 (year)
. . . ; op L o (Kg/Year) Emitted  (Kg/Year)  Emitted
(CDD/HDD) is a non-linear relation. The best-fit equation describing (%) (KCallyear) (KCallyear)
this non-linear behaviour is: 40%  9631.864 9480180.600 3487.269 3432350.657 27.561 6.281
Xop =a +b (CDD)O'5 50% 9631.864 9480180.600 3187.077 3136886.110 24.157 5.988
................................................................ . 60% 9631'864 9480180'600 2886'885 2841421'562 20'948 5'722
(40) 70%  9631.864 9480180.600 2586.693 2545957.015 17.932 5.478
Where: a-- 0.0132285 b - 0.0010887 and Xop: is the optimum 80% 9631.864 9480180.600 2286.501 2250492.468 15.111 5.254
insulation thickness (m). The effect of an increase in the collector thermal efficiency has on the
CDD: is the Cooling Degree Day (or HDD) (°C day). electrical bill saving cost. Ascan be seen from the Fig (3) an increasing
collector thermal efficiency results in an increase in financial savings
0.05

_g / 720

— 0.04 5 700

a Z 2680

g S <660

< 0.03 s £

< g § 640

2 0.02 o X620

e / £ £ 600

£ & B 580 -

— Q.

g 001 £ E 560 -

(@] s >

& 2 540 -
0 ‘ ‘ ‘ ‘ 8 520 T T T T T
0 1000 2000 3000 4000 40% 50% 60% 70%  80%
Cooling or Heating Degree Day (° . .
g o8 y (*Cday) Collector thermal Efficiency (%)

Fig 2: Development of Empirical Correlation

This empirical correlation will be very important in the future. It Fig 3: Collector thermal efficiency versus savings in the cost
estimates the optimum insulation thickness easily without any long
analysis. It has been revealed that the proposed correlation is valid for 720
a wide range of thermal conductivity (0.02 < K < 0.035) which 700
covers most of the commonly used wall insulation available in the 680
market. - 660
3.2.The Integration of Renewable Energy Technologies Results: 3 640
In this section, the following parameters will be  studied: g = 620
1. The effect of variable collector thermal efficiency. £ 8 600
2. The effect of the number of PV cells employed. £
3. The effect of the number of lighting lamps employed. @ 580 7
4. The effect of CDD (Cooling Degree Days) employed. c = 560
5. The effect of HDD (Heating Degree Days) employed. S 540 -
6. The effect of electricity tariff. v 520 - - - - -
7. The effect of insulation brick employed. 40% 50% 60% 70% 80%
and their impact on the environment by calculating the following: -
(i) The amount of CO: and other greenhouse gases emitted to the Collector thermal Efficiency (%)
environment as a result of electrical consumption. (i) The annual Fig 4: Collector thermal efficiency versus savings in electrical
savings in the electricity bill. (iii) The cost and the payback period. Consumption
The results of the effects of the above-mentioned input parameters on
electricity consumption and environmental pollution are presented in 6.4
tables (4 to 5) and in figures (3 to 5). 6.2 -
As can be seen that all the trends are logical and as expected. The 6.0 -

results are very informative and will have great values for researchers 5.8 -

and home owners. 56 -
5.4 -
]
35.2 .
5.0
4.8
46 = T T T T

3.2.1. The Effect of Variable Collector Thermal Efficiency:
The results of the effect of the above-mentioned input parameter on
electricity consumption and environmental pollution are presented in
tables (4 & 5) and figures (3 to 5).

Table 4: The effect of collector thermal efficiency

Payback period

Thermal Electricity Consumption  Electricity Cost

g Saving Saving 9, o 9, o o
ef'ﬁ(c:)lfency (KWhr/Year) (LD/Year) Electricity  Electricity 40% 50% 60% 70%  80%
collector Regular Integrated Regular Integrated Consumption  Cost Thermal Efficiency of collector (%)
(%) home home home home (KWhr/Year) (LD/Year) . —
10% 18173327 6579752 908.666 328988 11593577 579679 Figure 5: Collector thermal efflc[ency of collector versus Payback
50% 18173.327 6013.352 908.666 300.668  12159.977  607.999 _ period _
60%  18173.327 5446.952 908.666 272.348 12726.377  636.319 Illustration of the effect of an increase in the collector thermal

70% 18173.327 4880.552 908.666 244.028  13292.777 664.639  efficiency has on electrical consumption saving. As highlighted in
80%  18173.327 4314.152 908.666 215.708  13859.177 692.959  figure (4), an increasing collector thermal efficiency leads to an
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increase in consumption savings.
Figure (5) shows the thermal efficiency collector versus the payback
period. As the collector thermal efficiency increase the payback period
decreases.

3.2.2. The Effect of the Number of PV Cell Employed:

The results of the effect of the above-mentioned input parameter on
electricity consumption and environmental pollution are presented in
tables (6 & 7) and figures (6 to 7).

Table 6: The effect of the number of PV cells.

Electricity - . .
Number Consumption Eletl:_tg;:\l;y Cost EISaw_ng_ EISaw_ng
of PV (KWhr/Year) ( ear) ectricity  Electricity
Cell  Regular Integrated Regular Integrated Consumption - Cost
h (KWhr/Year) (LD/Year)
ome home home home
1  18173.327 6095.912 908.666 304.796 12077.417 603.871
2 18173.327 5577.512 908.666 278.876 12595.817 629.791
3 18173.327 5059.112 908.666 252.956 13114.217 655.711
4 18173.327 4540.712 908.666 227.036 13632.617 681.631
5  18173.327 4022.312 908.666 201.116 14151.017 707.551

Table 7: The effect of the number of PV cells on other parameters
Environmental Pollution
Regular home Integrated home
Thermal Thermal HERS
Co2 Energy Co2 Energy (%)
(Kg/Year) Emitted (Kg/Year) Emitted
(KCallyear) (KCallyear)
1 9631.864 9480180.600 3230.833 3179953.791 24.641
2 9631.864 9480180.600 2956.081 2909528.623 21.670
3 9631.864 9480180.600 2681.329 2639103.455 18.862
4
5

Payback
Period
(year)

Number
of PV
Cell

3.359
4.074
4.733
5.341
5.905

9631.864 9480180.600 2406.577 2368678.286 16.216
9631.864 9480180.600 2131.825 656433.118 13.734

The effect of an increase in the number of PV cell has on the electrical
bill saving cost. As can be seen from Fig (6) an increasing number of
PV cell results in an increase in financial savings

720
700
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660

640
620
600 -
580 -
560 -
540 - T T T T
1 2 3 4 5

Number of PV cell

Savings in cost
(LD/year)

Fig6: Number of PV cell versus savings in cost
Ilustration of the effect of an increase in the number of PV cell has
on electrical consumption saving. As highlighted in Fig (7), an
increasing number of PV cell leads to an increase in consumption
savings
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Fig 7: Number of PV cell versus savings electricity Consumption
Fig (7) shows the number of PV cell versus the payback period. As the

number of PV cell increase the payback period decreases
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Fig 8: Number of PV cell versus Payback period
3.2.3. The Effect of the Number of Lighting Lamps Employed:
The results of the effect of the above-stated input parameter on
electricity consumption and environmental pollution are given in
tables (8 & 9) and figures (8 to 9).

Table 8: The effect of a number of lighting lamp

Number CEIectnmt_y Electricity Cost Saving Saving

onsumption L3 LS
of (LD/Year) Electricity  Electricity

. (KWhr/Year) :

Lighting Regular Integrated Regular Integrated Consumption Cost

Lamp J 9 9 9 (KWhr/Year) (LD/Year)
home home home home

10  13853.327 2740.712 692.666 137.036 11112.617 555.631
20 16013.327 3640.712 800.666 182.036 12372.617 618.631
30 18173.327 4540.712 908.666 227.036 13632.617 681.631
40  20333.327 5440.712 1016.666 272.036 14892.617 744.631
50 22493.327 6340.712 1124.666 317.036 16152.617 807.631

Table 9: The effect of a number of lighting lamp on other parameters

Environmental Pollution

Number Regular home Integrated home Payback
of Thermal Thermal HERS Period
Lighting Co2 Energy Co2 Energy (%) (year)
Lamp (Kg/Year) Emitted (Kg/Year)  Emitted
(KCallyear) (KCallyear)
10 7342.264 7226637.532 1452.577 1429702.008 10.675 6.336
20 8487.064 8353409.066 1929.577 1899190.147 13.680 5.788
30 9631.864 9480180.600 2406.577 2368678.286 16.216 5.341
40  10776.664 10606952.134 2883.577 2838166.426 18.364 4.970
50  11921.464 11733723.668 3360.577 3307654.565 20.196 4.656

Obviously, it can be seen from Fig (8), as the number of lighting lamps
increases so does the financial savings

900
800
700
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500 -
400 -
300 +
200 -
100 -

0 T T T T T
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Number of lamp

Savings in cost
(LD/year)

Fig 9: Number of PV cell versus savings in cost
Evidence of an increase in the number of lighting lamps as the
consumption savings increases can be seen from the Fig (9).
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Fig10: Number of PV cell versus savings electricity Consumption
Fig (10) shows the number of lighting lamps versus the payback
period. As the number of lighting lamps increases the payback period

decreases.
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Fig 11: Number of PV cell versus payback period

3.2.4. 4.The Effect of CDD Employed:

The results of the effect of the above-mentioned input parameter on
electricity consumption and environmental pollution are presented in
tables (10 & 11) and figures (12 to 14).

Table 10: The effect of Cooling Degree Day (CDD)

CDD (KWhr/Year) (LD/Year) Electricity ~Electricity

(*Clyean) Regular Integrated Regular Integrated ?l?\r/]\jﬁrTtheI;rr; (ngl(:(sttear)

home home home home

300 16482.620 4177.307 824.131 208.865 12305.313 615.266
500 16910.797 4269.337 845.540 213.467 12641.457 632.073
1000 17981.239 4499.424 899.062 224.971 13481.815 674.091
1500 19051.680 4729.507 952.584 236.475 14322.173 716.109
2000 20122.122 4959.591 1006.106 247.980 15162.531 758.127

Table 11: The effect of Cooling Degree Day (CDD) on other
parameters

Environmental Pollution
Regular home Integrated home

CDD Thermal Thermal HERS P;Zﬁggk
(°Clyear) Co2 Energy Co2 Energy (%) (year)
(Kg/Year)  Emitted  (Kg/Year) Emitted Y
(KCallyear) (KCallyear)

300 8735.788 8598216.270 2213.972 2179106.605 15.537 5.917
500 8762.722 8821576.138 2262.750 2227116.149 15.724  5.760
1000  9530.056 9379975.807 2384.691 2347140.010 16.147 5.401
1500 10097.390 9938375.476 2506.639 2467163.872 16.514 5.084
2000 10664.724 10496775.145 2628.583 2587187.733 16.835 4.802

Fig (12) presents the effect of an increase in the CDD has on the
electrical bill saving cost.
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Fig 12: Cooling Degree Day (CDD) versus savings in cost
Fig (13) describes the effect of an increase in the CDD has on electrical
consumption saving
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Fig13: Cooling Degree Day (CDD) versus savings electricity
Consumption
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Fig 14: show the effect of varying the CDD with payback
Table 12: The effect of Heating Degree Day (HDD)

Environmental Pollution
Regular home Integrated home

HDD Thermal Thermal  HERS Moy0ack
(°Clyear)  Co2 Energy Co2 Energy (%) (year)
(Kg/Year)  Emitted (Kg/Year) Emitted Y
(KCallyear) (KCallyear)

300  8863.155 8723576.996 2241.349 2206051.962 15.643 5.828
500  9090.088 8946936.864 2290.127 2254061.506 15.825 5.675
1000  9657.423 9505336.532 2412.067 2374085.367 16.234 5.326
1500 10224.757 10063736.201 2534.015 2494109.228 16.589 5.018
2000 10792.091 10622135.870 2655.959 2614133.089 19.901 4.743

3.2.5. The Effect of HDD Employed:

The results of the effect of the above-mentioned input parameter on
electricity consumption and environmental pollution are presented in
tables (12 & 13) and figures (15 t017).

The effect of an increase in the HDD has on the electrical bill saving
cost. As can be seen from Fig (14) an increasing the HDD results in
an increase in financial savings
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Table 13: The effect of Heating Degree Day (HDD) with parameters

Table 14: The effect of electricity tariff

CE:\Z‘L:JtrZ:CItti)(/)n Electricity Cost Saving Saving
HDD P (LD/Year) Electricity Electricity
o (KWhr/Year) -
(*Clyean) Regular Integrated Regular Integrated Consumption - Cost
9 9 9 d (KWhr/Year) (LD/Year)
home home home home
300 16722.934 4228.960 836.147 211.448 12493.970  624.699
500 17151.111 4320.994 857.556 216.050 12830.117 641.506
1000 18221.553 4551.077 911.078 227.554 13670.475 683.524
1500 19291.995 4781.161 964.600 239.058  14510.834 725542
2000 20362.436 5011.244 1018.122 250.562  15351.192  767.560
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Fig 15: Heating Degree Day (HDD) versus savings in cost
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Fig 16: Heating Degree Day (HDD) with electricity Consumption
Fig (17): shows the HDD versus the payback period. As the HDD
increases the payback period decreases.
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Fig 17: Heating Degree Day (HDD) versus Payback period
3.2.6. The Effect of Electricity Tariff:
The results of the effect of the above-stated input parameter on
electricity consumption and environmental pollution are given in
tables (14 & 15) and figures (18 to 20).

Electricity .
: Electricity Cost . .
- Consumption Saving Saving
E|E’,‘r(;t:ilgty (KWhr/Year) (LD/Yean) Electricity Electricity
©L) Consumption  Cost

Regular Integrated Regular Integrated (KWhr/Year) (LD/Year)
home home home home
0.02 18173.325 4540.712 363.467 90.814
0.05 18173.325 4540.712 908.666 227.036
0.1 18173.325 4540.712 1817.333 454.071
0.15 18173.325 4540.712 2726.000 681.107
0.2  18173.325 4540.712 3634.666 908.142 13632.617
0.25 18173.325 4540.712 4543.332 1135.178 13632.617

Table 15: The effect of electricity tariff on other parameters

13632.617
13632.617
13632.617
13632.617

272.652
681.631
1363.262
2044.893
2726.523
3408.154

Environmental Pollution
Regular home Integrated home

Electr_lmty Thermal Thermal HERS Paypack
Tariff o Period
(L) Co2 Ene_rgy Co2 Engrgy (%) (year)

(Kgl/Year) Emitted (Kg/Year) Emitted
(KCallyear) (KCallyear)
0.02  9631.864 9480180.600 2406.577 2368678.286 16.216 13.353
0.05 9631.864 9480180.600 2406.577 2368678.286 16.216 5.341
0.1  9631.864 9480180.600 2406.577 2368678.286 16.216 2.671
0.15 9631.864 9480180.600 2406.577 2368678.286 16.216 1.780
0.2  9631.864 9480180.600 2406.577 2368678.286 16.216 1.335
0.25 9631.864 9480180.600 2406.577 2368678.286 16.216 1.068
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e
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o
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Fig 18: Electricity tariff versus savings in cost
Clearly, it can be seen from (18), as the electricity tariff increases so
does the financial savings.
A proof of an increase in the electricity tariff as the consumption
savings increases can be seen from the Fig (19).
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Fig 19: Electricity tariff versus savings electricity Consumption
Fig (20) shows the electricity tariff versus the payback period. As the
solar collector area increase the payback period decreases
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approximately 68.163 GWh/year and 3.408 million Libyan Dinars
16.0 annually, with a payback period of 5.34 years. Additionally, these
14.0 measures would prevent approximately 36.256 million tons of
) greenhouse gases from being emitted annually. The HERS index
- 120 - improved to 16.2% with the implementation of these technologies, as
2 100 - shown in Fig (26).
a = 8.0 ~ Table 18 Results of the case study
S 9 60 - Electricity Consumption Electricity Cost Saving Saving
g = 40 Case (KWhr/Year) (LD/Year) Electricity Electricity
> ] Study Integrated Integrated ~ Consumption Cost
g 20 - Regular home hc?me Regular home hgme (KWhr/Year)  (LD/Year)
0.0 - 2090 90,866,646.3 22,703,560.3 1,140,777.8 1,135178.03 6816308601 3408,154.3
0.02 005 _0'.1 O..15 0.2 025 Table 19: Results of the case study on other parameters
Electricity Tariff (DL) Environmental Pollution
Integrated home Payback
Sﬁﬁ;’; Co Thermal Energy (E/SS Period
Fig 20: Electricity tariff versus Payback period (Kg /Yi ar) Emitted (year)
3.2.7. The Effect of Insulation Brick Employed: (KCallyear)
It can be concluded from the obtained results from table (16 to 17) that h%?ggs 12,032,8863 11,843391432.2 162 534

no effect the variation in the cost of insulated bricks on other
parameters except one parameter which is payback period, fig (21)
Indicate the increase cost of insulated bricks it can be noticed the
increase the payback period.

Table 20: Results of the case study on other parameters
Environmental Pollution
Regular home

Case
Table 16: The effect of insulated bricks cost Study Co, Co Nox So The?rgi'nizergy
ici Kg/Year Kglyear) (Kg/year Kg/ year,
Cost of Electricity Electricity Cost Saving Saving (Ko/Year) (Kofyear) (Kofyean) (Kofyean (KCallyear)
Insulati Consumption (LD/Year) Electricity Electrici 5000
nsuiation i \whr/year) ectricity  Electricity 481593199 454333 81,7799 454333  47,400,903,000.8
Brick Regular Integrated Regular Integrated Consumption - Cost houses
(DL) 4 J d grate . whr/Year) (LD/Year)
home home home home
1.25  18173.327 4540.712 908.666 227.036 13632.617 681.631 100
15 18173.327 4540.712 908.666 227.036 13632.617 681.631 90
1.8 18173.327 4540.712 908.666 227.036 13632.617 681.631
2 18173.327 4540.712 908.666 227.036 13632.617 681.631 80
2.5 18173.327 4540.712 908.666 227.036 13632.617 681.631 - 70
Table 17: The effect of insulated bricks cost on other parameters & = 60
Environmental Pollution g s
Cost of Regular home Integrated home Pavback -] e 50
Insulation Thermal Thermal HERS Pzriod ..z' = 40
Brick Co2 Energy Co2 Energy (%) (year) 23
(DL)  (Kg/Year) Emitted (Kg/Year) Emitted 59 30
(KCallyear) (KCallyear) u;‘:
125  9631.864 9480180.600 2406577 2368678.286 16.216 4.512 20
15 9631.864 9480180.600 2406.577 2368678.286 16.216 4.857 10
18 9631.864 9480180.600 2406.577 2368678.286 16.216 5.272
2 9631.864 9480180.600 2406.577 2368678.286 16.216 5.548 0 T
2.5 9631.864 9480180.600 2406.577 2368678.286 16.216 6.239 Regu|ar home |ntegrated home
7.0 Figure 22: Electricity demand in regular homes and integrated
6.0 homes (GWhlyear).
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Fig 21: cost of insulated brick versus payback period 0 T 1
3.3 The Results of the Case Study: Regular home Integrated home
The case study results indicate that Libya can achieve significant

financial and environmental benefits by utilizing solar energy for
domestic water heating, PV cell electricity production, thermal
insulation materials in external walls, and replacing incandescent
lamps with energy-efficient CFL lamps. The simulation of a 5000-
housing project in Benghazi showed that these measures would save

Fig 23: Cost of Electricity in regular homes and integrated homes
(LD/year).
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Fig25: Co2 emission for Regular home and Integrated home
The case study for a 5,000-housing project in Benghazi highlights the
benefits of integrating solar water heating systems and PV cells. Key
findings include:

e Annual energy savings: 68.163 GWh
Financial savings: 3.408 million Libyan dinars
Payback period: 5.34 years
Reduction in greenhouse gas emissions: 36.256 million tons
annually
These results underscore the advantages of adopting renewable energy
technologies in residential sectors.
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Fig26: Home energy rating system of the case study (Hers %)

By implementing an integrated approach combining solar collectors,
photovoltaic (PV) systems, optimal insulation, and compact
fluorescent light (CFL) bulbs, household carbon dioxide (CO:)
emissions were significantly reduced by 68% compared to the baseline
scenario. Furthermore, adopting energy-saving measures Yields
substantial financial benefits, with the cost of implementing insulation
and renewable energy systems being recouped through energy savings
within a 5-6-year payback period. Households could achieve an
average monthly electricity bill reduction of 45% under the integrated
scenario compared to the baseline scenario.

4. Discussion:

This study explored integrated energy-saving technologies to optimize
energy use and reduce environmental impact in Libyan residential
buildings. Key findings show that excessive water and energy
consumption, along with inefficient building practices, significantly
contribute to Libya's energy challenges. The study highlighted the
importance of region-specific interventions, optimizing insulation
thickness, and integrating solar water heating and photovoltaic (PV)
systems. A case study of a 5,000-housing project in Benghazi
demonstrated a reduction of 68.163 GWh/year in energy consumption
and a 36.256-million-ton annual decrease in greenhouse gas
emissions. The findings emphasize the substantial impact of energy-
saving measures, with calculated payback periods averaging 5.34
years, making these investments both environmentally sustainable and
economically viable. Regional climate considerations and the
integration of renewable energy systems showed significant
environmental benefits, reducing CO: emissions by 68%. Robust
policy support and public awareness are essential for successful
implementation.

5. Conclusions, Limitations, and Recommendations:

5.1. Conclusions: This study highlights the transformative potential
of energy-efficient technologies in addressing Libya's energy
challenges. By integrating solar water heating, PV systems, insulation
optimization, and efficient lighting, residential buildings can achieve
significant energy and cost savings while mitigating environmental
impacts.

5.2. Limitations: The study relies on simulated scenarios and field

measurements from a limited sample size, which may not capture the

full variability of household energy behaviors in Libya. The economic
analysis assumes stable energy prices and does not account for
potential fluctuations in installation costs or policy incentives.

5.3. Recommendations:

1. Policies and Incentives: Establish government-led initiatives to
support the adoption of renewable energy technologies and
insulation materials, especially in high-consumption areas.

2. Public Awareness Campaigns: Educate households on water
and energy conservation practices to address excessive
consumption behaviors.

3. Further Research: Expand the scope of field measurements to
include diverse building types and regions, and explore the
integration of advanced energy storage systems to enhance the

reliability of solar energy solutions.

4. Capacity Building: Train local professionals in the installation
and maintenance of renewable energy systems to ensure their
long-term effectiveness and cost-efficiency.

5. Energy Consumption for Heating and Cooling: The integration

of optimized insulation materials with PV systems and solar water

heating significantly reduced energy demand for heating and cooling.

6. Cost-Benefit Analysis: The cost-benefit analysis showed that

initial investments in energy-saving technologies might be high, but

the cumulative savings over a 25-year lifecycle outweighed the costs.

7. Environmental Impact: The integration of renewable energy

technologies significantly reduced greenhouse gas emissions, aligning

with global sustainability goals
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