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Abstract

This research was conducted in Qalai Jouz, the central area of Ghazni province, to
compare the technical and economic aspects of wind and solar energy. Ghazni and
Afghanistan in general face electricity shortages and low-quality supply. Therefore,
using clean and renewable domestic resources is important not only for energy
independence but also for reducing environmental costs and strengthening the
economy. In this study, both wind and solar systems were designed with a capacity
of 500 kW. The goal was to analyze and compare both resources and determine the
most suitable and sustainable energy option for Ghazni province. The analysis was
done using HOMER Pro and Pvsyst software, which assessed climate data,
production capacity, costs, revenues, and payback period. The results show that the
solar system operates for 2,216 hours annually, with an output power of 457 kW and
an annual production of 1,052,800 kWh. Its initial cost is 9.678 million AFN, with
annual expenses of 0.8 million AFN and annual revenue of 4.464 million AFN. The
wind system operates for 6,687 hours per year, with an output of 173 kW and total
generation of 1,519,504 kWh. Its initial cost is 49.75 million AFN, annual expenses
are 2 million AFN, and annual revenue is 5.5975 million AFN. The higher generation
and revenue of the wind system are due to more operating hours. The cost of
electricity per kWh is 1.13 AFN for the solar system and 3.29 AFN for the wind
system. The payback periods are 2.2 years for solar and 8.9 years for wind. Although
the wind system produces more electricity, the solar system’s lower cost, faster
payback, and higher efficiency indicate that it is the better choice for Ghazni. The
study recommends prioritizing solar energy in Ghazni’s center and continuing wind
energy studies only in areas with high wind potential.

Keywords: Economic Analysis, Ghazni Province, Solar Energy, Technical Analysis,
Wind Energy
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Abstract:

This study employs a qualitative research approach to compare different generations
of photovoltaic (PV) solar cells. Due to the rising global demand for energy, solar
power has gained significant importance as a sustainable, clean, and viable alternative
to fossil fuels. Photovoltaic technology has become a leading method for electricity
generation, with notable reductions in cost and improvements in efficiency in recent
years. PV solar cells have evolved through four generations: 1. First-generation solar
cells, including monocrystalline silicon, polycrystalline silicon, and gallium arsenide
cells. 2. Second-generation solar cells, based on thin-film technologies such as
amorphous silicon, cadmium telluride, and copper—indium—gallium-selenide (CIGS)
cells. 3. Third-generation solar cells, consisting of advanced technologies such as
perovskite cells, quantum dot cells, and multi-junction cells. 4. Fourth-generation
hybrid solar cells. Due to decreasing production costs, continued technological
expansion, and strong global market support, investment in solar energy is increasing
rapidly. The study concludes that third-generation solar cells currently represent the
most promising option, owing to their lower cost, higher efficiency, and superior
optical and electronic properties.

Keywords: Perovskite cells, solar energy, photovoltaic cells, monocrystalline silicon,
thin-film cells.
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Abstract

Fractional differential equations, due to their ability to describe memory effects,
heterogeneity, and nonlocal behaviors, have gained significant importance in recent
years in mathematical and physical modeling. These equations have wide applications
in areas such as mass and heat transfer, fluid dynamics, engineering, biomathematics,
and complex systems. Despite the introduction of various analytical and numerical
methods, there remains a need for approaches with high accuracy, suitable
convergence, and applicability to both linear and nonlinear problems. Therefore,
developing novel techniques for solving this class of equations is of considerable
interest. In this study, the “generalized variational iteration method” is employed as
an effective analytical framework for solving fractional differential equations
involving derivatives of the Katugampola type. First, the fundamental concepts of
fractional calculus and the definitions of Riemann-Liouville, Caputo, and
Katugampola derivatives are introduced. Then, by combining a generalized integral
transform with this method, a systematic algorithm for extracting analytical solutions
is presented. The findings demonstrate that the proposed method provides high
efficiency and accuracy in solving the fractional diffusion equation as well as the
nonlinear fractional Navier—Stokes system, and the convergence of the solution series
is well established. To validate the results, numerical simulations are performed in
MATLAB, showing good agreement between the analytical and numerical outcomes.

Keyword: Generalized Variations, Fractional Differential, Caputo Derivative,
Katugampola Derivativ

\a


mailto:Abbaspoya@dhei.edu.af

Economic and Environmental Optimization of Ghazni’s

Electricity Distribution Network Using Low-Loss Transformers
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*Corresponding author: Massoud Danishmal, Department of Electrical Power
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Abstract:

This study evaluates the technical, economic, and environmental impacts of low-loss
transformers (AB' and AC'’) for Ghazni’s electricity distribution network, which
currently has limited coverage, and simultaneously analyzes scenarios for both current
and full network coverage, providing a phased implementation strategy for practical
application. The existing network, serving only 30% of the population, suffers from
energy losses, financial inefficiency, and environmental challenges. The methodology
includes detailed load and loss calculations, assessment of AB’ and AC' transformers
according to international standards, and scenario analysis for different coverage
levels. Results indicate that AB' transformers can save approximately AFN 38.6
million and reduce CO: emissions by 2,318 tons, while AC' transformers can increase
savings to AFN 68.7 million and reduce CO: emissions by 4,123 tons; if the entire
population is connected, economic benefits could triple. The study recommends
phased replacement of existing transformers, installation of low-loss units in new
network expansions, and the establishment of a professional team to conduct
standardized testing and monitoring.

Keywords: Amorphous Core Transformers, Energy Efficiency, Sustainable Energy,
Carbon Emission Reduction, and Distribution Network Optimization.
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1. Introduction
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Electricity is a fundamental requirement of modern society, vital for economic
development, industrial production, and quality of life. Globally, improving energy
efficiency and optimizing distribution networks are essential goals for economic
growth, carbon emission reduction, and environmental protection [Abbasi, Rezaei, &
Shariati, 2022]. Any losses in electricity generation or distribution directly impact
both economic and environmental outcomes.

In distribution networks, energy losses are a major concern, often caused by aging
equipment, limited capacity, inadequate maintenance, and lack of modern technology
[Ahmad & Khan, 2019]. Transformers, as key components in these networks,
facilitate voltage conversion, reduce transmission losses, and meet consumer demand
[Glover, Sarma, & Overbye, 2016]. However, transformer losses—particularly core
(no-load) and copper (load-dependent) losses—contribute substantially to overall
network inefficiency [ Singh, Patel, & Joshi, 2022; Mahdavi & Akbari, 2023].
Additional losses include dielectric losses in insulation and leakage in metallic parts
[Zhao, Chen, & Wu, 2023].

Significant research has explored strategies to reduce transformer losses, including
the selection of advanced core materials, optimized winding design, and improved
operational practices [Moradi, 2022; Pourleroi, 2024]. Low-loss transformers,
particularly amorphous core distribution transformers, have demonstrated the
potential to reduce core and eddy current losses by 60-80% compared to conventional
silicon steel cores [Zorbas, 2014; Li, Wang, & Chen, 2022]. The unique properties of
amorphous alloys—including high magnetic permeability, low hysteresis, non-
crystalline structure, and thin ribbon construction—enhance energy efficiency,
thermal performance, and reliability [Charalampopoulos, Papagiannis, &
Karakatsanis, 2017; Lu, Tan, & Liu, 2025]. Advanced technologies such as natural
ester insulation, improved cooling systems, and high-performance magnetic materials
further reduce environmental impacts and fire hazards [Khorasani, 2022; Jin, Wang,
& Li, 2024].

Although the initial cost of amorphous transformers is higher, total ownership cost
analyses indicate long-term economic benefits due to energy savings, operational cost
reduction, and extended equipment life [Huang, 2025]. Globally, the deployment of
these transformers has improved network efficiency, reduced carbon emissions, and
increased consumer satisfaction, often complemented by distributed generation

78



/

h (45 4ong3 ¥« JU5 (5 ogd ) dlomo 03 5> - (ol QLIS

integration, optimal capacitor placement, smart meters, and network reconfiguration
[Shariati & Ahmadi, 2021].

In Afghanistan, prolonged conflict and aging infrastructure have left distribution
networks inefficient, with many areas relying on high-loss conventional transformers
[Ahmad & Khan, 2019]. The Ghazni province network, managed by Da Afghanistan
Breshna Sherkat (DABS), faces challenges including limited capacity, rising demand,
high transformer losses, and inadequate maintenance. Implementing low-loss
amorphous transformers in Ghazni is therefore crucial for improving energy
efficiency, reducing losses, and establishing a reliable and environmentally
sustainable electricity distribution system.

2. Literature Review

Significant research worldwide has focused on reducing energy losses in electricity
distribution networks, as these networks are major sources of both technical and non-
technical losses. Technical losses, primarily caused by transformers, transmission
lines, and conductors, include no-load (core) and load-dependent losses, with
transformer core losses being a major contributor (Ramesh et al., 2009; Komolafe &
Udofia, 2020). In many developed and developing countries, no-load transformer
losses range from 4% up to 20% in certain areas, and reducing these losses is crucial
for improving network efficiency, saving energy, and protecting the environment
(Najafi, Ghasemi, & Shariati, 2015; Pourleroi, 2024).

Conventional transformers, typically made of grain-oriented silicon steel, reduce eddy
current losses through laminated construction but still exhibit significant hysteresis
losses, leading to energy inefficiencies, overheating, and noise during prolonged
operation [Moradi, 2022; Moradi, Rezaei, & Shariati, 2023; Khorasani, 2022]. To
address these challenges, innovative solutions have been proposed, including
distributed generation (DG) integration, optimal capacitor placement, smart meter
deployment, and network reconfiguration. Among these, low-loss transformers—
particularly amorphous core distribution transformers (AMDTs)—play a key role in
enhancing energy efficiency.

Amorphous core transformers, made from non-crystalline materials with thin ribbon
laminations, significantly reduce hysteresis and eddy current losses by 60-80% (Li,
Wang, & Chen, 2022; Singh et al., 2024; Pourleroi, 2024). Their unique properties—
high magnetic permeability, low hysteresis, smooth “fish-scale” surface, and high
electrical resistivity—minimize core losses, improve voltage profiles, and increase
network reliability (Yoshizawa et al., 1988; Hasegawa, 2010; Lu, Tan, & Liu, 2025).
Although initial costs are approximately 20-30% higher than conventional units, total
ownership cost analyses demonstrate strong long-term economic benefits due to
reduced energy losses and operational expenses (Huang, 2025; Singh et al., 2024;
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Mohan, 2012). Advanced technologies, such as silicon-hybrid adhesives
(TEOS/BTSE), further enhance mechanical stability, reduce core losses by up to 23%,
and lower noise levels (Nieroda et al., 2025).

Global experience shows that deploying amorphous transformers increases energy
efficiency, network capacity, and consumer satisfaction while reducing the need for
substation expansion. Combining AMDT transformers with optimal capacitor
placement, on-load tap changers, and proper network design minimizes net energy
losses and supports sustainable energy objectives (Amadi et al., 2016; Egwaile et al.,
2018; Sadiqg & Antar, 2024).

In Afghanistan, particularly in Ghazni province, the electricity distribution network,
managed by Da Afghanistan Breshna Sherkat (DABS), faces challenges due to limited
generation capacity, high transformer losses, and constrained infrastructure.
Introducing amorphous core transformers in Ghazni is expected to: reduce core and
copper losses, improve voltage profiles, enhance DG and capacitor effectiveness,
lower lifetime costs, increase network capacity, reduce CO2 emissions, and support
sustainable energy goals. Therefore, widespread adoption of low-loss amorphous
transformers, alongside complementary network optimization measures, provides a
technically, economically, and environmentally sustainable solution for improving
Ghazni’s electricity distribution network.

3. Research Methodology

The research methodology adopted in this study consists of several key steps. It begins
with a comprehensive literature review to establish the foundation of the study,
followed by systematic data collection. Primary data was obtained from the Ghazni
distribution network, while secondary data was gathered from publications and online
resources such as R-Discovery and Perplexity. The collected data was then analyzed
using IEC 60076 and HD428 standards. The analysis was further extended to include
technical evaluation (losses, voltage regulation, transformer types), economic
evaluation (cost-benefit analysis and financial impact of losses), and environmental
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evaluation (CO: reduction and sustainability). Finally, conclusions and
recommendations were drawn based on the findings.
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Fig. (1) Research methodology flowchart

3.2 Ghazni Province Electricity Network

The electricity distribution network of Ghazni province is supplied by imported power
and managed by the Da Afghanistan Breshna Sherkat (DABS). This network is
connected to the national electricity grid via 220 kV transmission lines. The
transmission route extends from the Chamtala substation to the Arghandi substation,
then to the Seyed Abad substation, and finally to the Rowza substation. From the
Rowza substation, electricity is distributed to Ghazni city, while power is also
transmitted to the provinces of Zabul and Kandahar.

Electricity distributed from the Rowza substation serves approximately 22,343
consumers in Ghazni province. Currently, the network has a capacity of about 12 MW,
with a peak load of approximately 8 MW. To distribute this energy, 99 transformers
of various capacities are in operation. If DABS supplies electricity to the entire Ghazni
city and its districts, total consumption is estimated to reach around 100 MW.
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At present, about 102 transformers are installed across Ghazni province, while only
30% of urban residents have access to state electricity services. It is estimated that a
full electricity supply to the city would require approximately 100 MW of capacity.
This situation highlights the need to improve network efficiency and reduce energy
losses.

The transformers installed in the Ghazni electricity distribution network are shown in
the first appendix (SLD), while their number and capacity are presented in the second
figure.

The installed transformers in Ghazni's distribution network

2 1200
g 1000
2 800
e

S 600
o

= 400
£

5 200
[%2)
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E 1 2 3 4 5 6 7 8 9 10 11

Transformer capacity (kVA) 800 100 160 1000 200 250 630 400 500 63 315
Quantity 7 2 20 2 20 18 8 19 1 1 1

Figure 2: The installed transformers in Ghazni's distribution network

Low-loss transformers, also referred to as energy-efficient or amorphous core
transformers, are designed to minimize energy losses during operation and enhance
the overall efficiency of electricity distribution networks. These transformers employ
advanced core materials, such as amorphous alloys, which have a non-crystalline
structure and significantly reduce magnetic core losses, including hysteresis and eddy
current losses [Charalampopoulos, Papagiannis, & Karakatsanis, 2017]. Additionally,
optimized winding design and the use of high-quality copper conductors reduce
copper losses and further improve energy efficiency [Mahdavi & Akbari, 2023].

Although the initial cost of low-loss transformers is higher than that of conventional
silicon steel core transformers, long-term operational savings, reduced carbon
emissions, and increased network reliability provide significant economic benefits
[Hasanzadeh, 2020; Khorasani, 2022]. The implementation of these transformers is
particularly important in both developed and developing regions to enhance network
performance and ensure sustainable electricity distribution.
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Table 1: Standard Copper and No-Load Losses for Distribution Transformers (IEC 76 /

HD 428)

Rated Power Copper Losses * No-load Loss
Of Transformer (kVA) Pcu(W) Po (W) **

A B C A B’ c
25 700 810 550 135 110 95
50 1100 1350 875 190 145 125
75 1425 1750 1175 255 203 168
100 1750 2150 1475 320 260 210
125 2000 2545 1695 380 310 247
160 2350 3100 2000 460 375 300
200 2760 3600 2350 550 445 355
250 3250 4200 2750 650 530 425
315 3850 5000 3250 780 625 500
400 4600 6000 3850 930 750 610
500 5450 7100 4550 1100 875 720
630 6750 8700 5600 1200 940 800
800 8500 10700 7400 1450 1150 940
1000 10500 13000 9500 1700 1400 1100
1250 13200 16000 11400 2100 1730 1300
1600 17000 20000 14000 2600 2200 1700

European Standard HD428 —xx [EC76 —*

In order to evaluate the technical performance of distribution transformers, it is
essential to accurately estimate their no-load energy losses. No-load losses occur in
the magnetic core due to hysteresis and eddy currents and remain almost constant
regardless of the loading condition. These losses directly affect the long-term
efficiency and economic performance of the distribution network. The total no-load
energy loss over a given period can be calculated using the first equation: [ Samani &
Karami Kharkeshi, 2015]

Wy =X Py X t 1)
t = 8760 hourlLoss calculation period (hours)

W,- Total no-load Energy losses

P,;- Total no-load losses of the installed transformers with capacity i

i- Installed transformer capacities (e.g., 1200 kVVA, 800 kVA)

According to standard 9, the A—B' combinations have the lowest efficiency, while the
C—C’ combinations exhibit the highest efficiency. Using the first table, we can
calculate the standard no-load and load losses of the installed transformers in Ghazni
province for one year:

Table 2: No-Load Losses of Existing Transformers in the Network by Core Type
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Transformer Type No-Load Losses (kwh)
Existing transformers in the network 660,766.8

Existing transformers with A-B’ cores 531,951

Existing transformers with A—C’ cores 431,736.6

Note. The table shows the annual no-load energy losses for transformers in the
network under different core types.

Assuming the useful life of each electrical transformer is approximately 30 years, the
total no-load losses over a single operational period are equal to:

Table 3: Typical No-Load Losses of Existing Transformers in the Network by Core Type

Transformer Type No-Load Losses (kwWh)
Existing transformers in the network 19,823,004
Existing transformers with A-B’ cores 15,958,530
Existing transformers with A—C’ cores 12,952,098

Note. This table shows the annual typical no-load energy losses of transformers in
the network with different core types.

3.4 Economic losses to Ghazni’s electricity network due to no-load losses
Assuming the average cost of one kilowatt-hour (kWh) of energy is 10 Afghanis, the
annual financial loss caused by no-load losses is calculated as:

R.=W, o XR; )
R.- Real cost of energy losses due to no-load losses (per year).
R;- Average cost of electricity production

In the case of using conventional core transformers:

ZAFGLNL_ZOSS = APy, , * price of 1kWh = 660,766.8 * 10
= 6,607,668Af ganies
In the case of using low-loss A—B’ core transformers:
Z AFGypnpioss = APypy * price of 1kWh =
= 531,951 %10 = 5,319,510Af ganies

In the case of using low-loss A—C’ core transformers:
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Z AF G np1oss = APype * price of 1kWh = 431,736.6 * 10
= 4,317,366Af ganies

From a technical perspective, reducing losses has various implications, including a
decrease in investment required for generation, transmission, and distribution, an
increase in network reliability, an extension of equipment lifespan, and a reduction in
environmental pollutants [Cui, 2019]. Considering the characteristics of Ghazni
province’s distribution network and the total energy injected into the network by the
end of 2023, which amounted to 42,956.566 MWh, with total losses of 11.3%, it can
be stated that the no-load losses of the installed transformers across the province
accounted for approximately 1.42% of the total electrical energy consumption in the
province in 2023.

Calculate total losses
Total Losses = 42956.566 x 0.113 = 4855.78 MWh
Current no-load losses
No load Losses = 42956.566 x 0.0142 =~ 609.54 MWh

By using low-loss transformers of type A-B’, the no-load losses can be reduced to ~
12.77.

609.54 — 531.951
609.54

By using low-loss transformers of type A—C’, the no-load losses can be reduced to
~29.2%

X 100 = 12.7%

609.54 — 431.736
609.54
The significance of this topic lies in the fact that no-load losses occur at all times (both

peak and off-peak); therefore, their reduction has a more pronounced impact during
peak periods.

X 100 = 29.2%

According to the International Energy Agency (IEA) report, on average, the
consumption of one kilowatt-hour of energy results in the emission of 600 mg
of carbon dioxide (COz).

Therefore, in the case of using conventional core transformers:

660,766.8 x 0.0006 = 396.46008 kg
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In the case of using low-loss AB’ core transformers:
531,951 * 0.0006 = 319.1706 kg
In the case of using low-loss AC’ core transformers:

431,736.6 * 0.0006 = 259.04196 kg

4. Conclusion

Based on the calculations of this study, replacing conventional transformers in
Ghazni’s distribution network with low-loss transformers provides significant
economic and environmental benefits. Considering the current situation, where only
about 30% of the population has access to the national grid, using AB’ type low-loss
transformers could reduce no-load losses by approximately 12.7%, save around AFN
38.6 million, and decrease CO: emissions by 2,318 tons over a 30-year operational
period. The adoption of AC’ type transformers could further reduce no-load losses by
about 29.2%, increase savings to AFN 68.7 million, and reduce CO: emissions by
4,123 tons.

If all residents of Ghazni were connected to the national grid, the financial gains for
the electricity provider from using low-loss transformers would nearly triple, with
savings of about AFN 125 million for AB’ type and AFN 205 million for AC’ type
transformers. Correspondingly, CO: emission reductions would also triple,
demonstrating a major positive environmental impact.

These results highlight that low-loss transformers not only ensure financial benefits
for the utility but also play a crucial role in network expansion, improving energy
efficiency, mitigating the negative effects of climate change, and supporting the
establishment of a sustainable energy distribution system.

5. Recommendations
1. Short-term plans (1-5 years):

Install low-loss transformers in newly developed areas of the network.

Monitor the performance of installed transformers regularly to ensure energy savings
and operational efficiency.

2. Medium-term plans (5-15 years):
Gradually replace existing conventional transformers with low-loss units.

Develop a clear budget and financial plan for network expansion and transformer
replacement.

3. Long-term plans (15-30 years):

Replace all existing conventional transformers with low-loss transformers.
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Set strategic goals to reduce energy losses and CO: emissions across the entire
network.

4. Professional team and standards:

Establish a dedicated, professional team within the electricity company for
transformer evaluation.

Apply international standard testing and quality assurance procedures for transformer
selection and installation. Mandatory monitoring and reporting of low-loss
transformer performance at all stages of the network.

5. Environmental considerations:

Plan and operate all network activities according to climate change mitigation and
sustainable energy principles.

Conduct annual analyses of CO: reduction reports and integrate findings into
strategic planning.

6. Plans for an expanding network:

If all residents are connected to the national grid, plan low-loss transformer
installations based on population demand and network capacity.

In this scenario, financial and environmental benefits would triple compared to the
current situation, providing a strong foundation for long-term strategy.
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Abstract:

This study's goal is to use the Prophet time series model to forecast the electric load
for Kabul's Wazirabad neighborhood. Da Afghanistan Breshna Sherkat (DABS)
provided historical electricity usage data for the previous three years (from early 2021
to early 2024) for this purpose. Monthly electricity usage records and the dates they
corresponded to were included in the collection. The data was cleaned, preprocessed,
and arranged chronologically before being examined for seasonal and long-term
trends. The findings showed that power usage has been rising gradually over time,
which is consistent with both historical data and projections until 2027. According to
the report, the primary causes of the region's rising energy demand are population
expansion and the growing use of electrical equipment. According to the seasonal
decomposition, summertime power demand, especially in April, is at its highest
because of the higher temperatures that encourage the widespread use of cooling
systems. On the other hand, autumn is when consumption is at its lowest. Electricity
demand rises once more throughout the winter, mostly as a result of people using
heating gadgets to cope with the lower temperatures. These seasonal patterns were
successfully identified and replicated using the Prophet model. However, a known
feature of the model is the widening of the uncertainty interval in the long-term
forecast, which suggests a decrease in confidence in estimates for the far future. In the
end, the research's conclusions can be a useful tool for Kabul city's energy demand
management and planning, especially for assisting with supply and infrastructure
development decision-making.

Keywords: Load Forecasting, Long-term forecasting, time series, Energy
Consumption, and Prophet model
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1. Introduction
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Electrical load forecasting is used by electric power generation companies to estimate
the total power needed to supply customers. It helps electrical power facilities make
important decisions, decreasing power production costs, and increasing the power
facility’s accuracy (Ibrahim Salem Jahan 1, 2020). For power systems to remain stable
and efficient, electrical energy demand must be accurately forecasted. While an
underestimate might result in supply constraints and even power outages, an
overestimation of demand could result in needless energy production and higher
operating costs. (Teleron, 2025 )One of the most important aspects of power systems'
economic functioning is the forecasting of electricity loads, and precise load
forecasting offers electric transmission companies significant cost savings. When load
forecasting is used to manage operations and choices like fuel allocation, unit
commitment, maintenance, and economic dispatch, the greatest advantages may be
realized. (Hambali, 2016)The electrical system network has failed because of a lack
of attention to load predictions; in Kabul, Afghanistan, for example, more than 100
out of 852 DTs have already been overloaded, and transformer fires and explosions

have escalated (Sharifi, 2009).

Electric load forecasts can be grouped into three types based on the planning
perspective of the duration:

e Very Short-Term Load Forecasting: VSTLF is well-known for providing load
estimates in intervals of a few minutes to an hour. Given that the VSTLF forecasts
the near future, several load forecasting parameters are conditional, but primarily
temperature and time are taken into account, with present values being explored
to predict future ones.

e Short Term Load Forecasts (STLF): This is usually for one hour up to one week.
(Hambali, 2016)The short-term load forecasting ranges from several hours to
several days. As the range gets smaller, the more complicated model arises. The
ultra-short-term load forecasting, which usually varies from several minutes to
several hours, is the most complicated one. The application of STLF includes the
following areas (Sharifi, 2009).

o Generation Scheduling

o Power System Security: Short-term load forecasting secures the
operation of the power system before any hazards emerge
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o Power Generation Reserve of the System. The system's power
generation reserve is crucial in protecting against deficiencies in the
event of a plant failure or an abrupt rise in load. STLF can predict a
suitable level of reserve.

o Providing Information to Dispatchers: A dispatcher would need the real-
time information pertinent to short-term loads for the system to operate
as economically as possible.

o For the purpose of scheduling sufficient and cost-effective energy
transactions in industrialized nations, system operators, market
operators, transmission owners, and other participants are very
interested in STLF.

So far, various models have been proposed for Short-Term Load Forecasting (STLF)
based on different approaches, such as statistical models, including autoregressive
models, regression analysis, and the Holt-Winters model. These models are effective
when the input and output are linear; however, their effectiveness decreases under
nonlinear conditions (EenjunHwang, 2021).

Medium Term Load Forecasts (MTLF): predictions with a one-month to one-year
time range are referred to as medium-term load forecasts. MTLF's goal is to
increase power companies' capacity to evaluate contracts and assess different
advanced financial instruments that the market offers on energy prices (Sharifi,
2009). In nations where electric utilities began operating in a deregulated
environment ten years ago, MTLF became a crucial instrument. Furthermore,
MTLF has grown in significance over the last several decades due to the
reliability component, as its major goals are maintenance scheduling and cost-
effective power system management, both of which are directly related to
dependability (Swasti R. Khuntial, 2016).

Long-term load forecast (LTLF): When it comes to power systems, LTLF is
crucial for system planning, scheduling, and generating unit growth through
construction and acquisition. It ranges from a few years (more than a year) to ten
to twenty years. (Swasti R. Khuntial, 2016) The importance of this type of
forecasting becomes evident when the construction of a new power plant is under
consideration. (Sharifi, 2009) Since the construction of electrical infrastructure
takes years and requires significant investment, electric load forecasting must
also be carried out with high accuracy. Until now, as much work has not been
done in the area of Long-Term Load Forecasting (LTLF) as in Short-Term Load
Forecasting (STLF), because LTLF forecasting is complex and there are also
challenges in data collection and analysis (Swasti R. Khuntial, 2016). In this
paper, we have conducted a three-year electric load forecast for the Wazirabad
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area of Kabul city, Afghanistan, which falls under the category of Long-Term
Load Forecasting (LTLF).
The types of electrical load forecasting are shown in Figure 1 (Abdul Azeem1, 2017).
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Figure 1: Electrical load forecasting categories concerning different time zones and defining
respective operational domains.
In this research, | am conducting a residential load forecast in the Wazir Abad Maina

area of Kabul city. This forecast is based on the residential electricity consumption
over the past three years and is projected for the next three years in order to determine
how the residential electrical load will change in this area. The goal is to understand
future consumption trends so that the government can take necessary measures if
required.

2. Literature Review

Long-term forecasting refers to the process of predicting future events or values over
an extended time horizon, which is critical for strategic planning in various fields such
as business, energy, healthcare, and transportation. It differs from short-term
forecasting by focusing on longer time frames, which introduces challenges such as
increased uncertainty and error propagation.

Methods for long-term forecasting range from classical statistical models to advanced
machine learning and deep learning techniques. Classical approaches often struggle
to capture complex, nonlinear patterns inherent in real-world data. Modern models,
including recurrent neural networks (RNNSs), long short-term memory (LSTM)
networks, and transformer-based architectures, have been developed to address these
limitations by learning intricate temporal dependencies. For instance, transformer
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models have been employed in time series forecasting, but require specific embedding
strategies to preserve temporal information and manage computational
complexity (Milind Kolambe, 2024).

In specialized applications such as wind speed and power forecasting, long-term
predictions are essential for integrating renewable energy into power grids. Various
forecasting methods—including statistical, machine learning, and hybrid models—
have been explored to improve accuracy and accommaodate the variability of wind
over monthly to multiyear horizons. Despite advancements, challenges such as model
complexity, regional variability, and data limitations persist. Enhancing forecast
resolution and fostering interdisciplinary collaboration are identified as future
directions in this domain (Hiraga, 2025).

In business contexts, long-term forecasting supports strategic decision-making, such
as anticipating product demand while addressing phenomena like product
cannibalization, where high sales of one product reduce the sales of another. Machine
learning frameworks, including XGBoost-based multi-stage models, have been
proposed to mitigate long-term error propagation and improve forecast reliability over
extended periods (Gautham Bekal, 2021).

Healthcare applications also benefit from long-term forecasting, for example, in
multi-step prediction of blood glucose trajectories, where modeling the distribution of
future values simultaneously reduces error propagation common in successive
forecasting steps. Deep multi-output models have shown superior performance in
capturing signal dynamics over long horizons (Wiens, 2018).

Despite technological progress, long-term forecasting remains challenging due to
error accumulation, data limitations, and the intrinsic unpredictability of certain
phenomena. Best practices include combining multiple data-processing methods,
leveraging hybrid models, and integrating uncertainty modeling to provide more
robust forecasts. Continuous evaluation, especially with domain-specific datasets, is
crucial to validate model performance and ensure reliability in practical
applications (Allende-Cid, 2025).

In summary, long-term forecasting encompasses a broad spectrum of methods and
applications, with ongoing research focused on enhancing model robustness,
accuracy, and applicability in diverse domains ranging from renewable energy
integration to strategic business planning and healthcare management. Due to the
complexity and variability inherent in long-term predictions, hybrid approaches
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combining statistical and deep learning techniques along with domain knowledge
integration are emerging as effective solutions.

3. Research Methodology
The research methodology was carried out in the following way:

3.1. Data Gathering
The national power utility of Afghanistan, Da Afghanistan Breshna Sherkat (DABS),
provided the data utilized in this analysis. The last three years, or 36 months, are
covered by this dataset. The data is arranged in a time series manner with a monthly
structure and comprises monthly electricity consumption and the dates that
correspond to it.

There are two columns in the dataset. The quantity of electricity used (in kWh, or
kilowatt-hours) is displayed in one column. The date of consumption is shown in the
other column. The period covered by this dataset is March 2021—February 2024.

Table 1: Energy Consumption and It's date at last three years

Year/ ds Energy Year/ ds Energy
Consumption(kWh)/Y Consumption(kWh)/Y
3/21/2021 543530 9/23/2022 484744
4/21/2021 558760 10/23/2022 435590
5/22/2021 451765 11/22/2022 549662
6/22/2021 364436 12/22/2022 529554
7/23/2021 413496 1/21/2023 468077
8/23/2021 445814 2/20/2023 548092
9/23/2021 411759 3/21/2023 523446
10/23/2021 461596 4/21/2023 591098
11/22/2021 547169 5/22/2023 491577
12/22/2021 519320 6/22/2023 539248
1/21/2022 545246 7/23/2023 539248
2/20/2022 731467 8/23/2023 442683
3/21/2022 458434 9/23/2023 429100
4/21/2022 458435 10/23/2023 446446
5/22/2022 381212 11/22/2023 529137
6/22/2022 412451 12/22/2023 557830
7/23/2022 442531 1/20/2024 620407
8/23/2022 484744 2/2/2024 632808
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In order to predict the electrical load, we examined data from the previous three years,
which included electricity usage and the dates that corresponded to it. The Prophet
model was used for this load forecasting. Facebook's Core Data Science team created
Prophet, an open-source time series forecasting tool. It works especially well with
time series that exhibit strong seasonal trends and datasets that span several years.

As stated before, the data used here spans the last three years or 36 months. A few
preprocessing processes had to be completed before the data could be analyzed. These
included using outlier identification and smoothing to avoid distorting trends and
seasonal patterns, as well as utilizing linear interpolation to deal with missing
numbers. Furthermore, the datetime format needed to be set up so that Prophet could
quickly identify the consumption date as ds and the power consumption column as'y.

Architecture of the Model: Additive. The forecasting prophecy uses the following
formula to model the time series as an additive mixture of components:

y(t)=g(t)+s(t)+h(t)+et
Where:

e g(t): Trend function representing non-periodic changes in the time series.
e s(t): Seasonality function capturing yearly, weekly, and optionally daily
patterns.

e h(t): Effects of holidays or other special events (not included in this model).

o t: epsilon_tet: Error term capturing residual noise.
We incorporated both yearly and monthly seasonality in the model to capture cyclic
variations in electricity load due to climate changes, user behavior, and operational
patterns. Because of the daily resolution and the absence of distinct weekly patterns
in the data, weekly seasonality was not used.

4. FINDINGS

Following data analysis, the following electrical load forecasting graphs were
produced. Without accounting for daily or seasonal variations, the trend graph (shown
in Figure 2) depicts the general trend in electricity usage over time. Time is shown by
the horizontal axis (ds), which runs from 2021 until the beginning of 2027. The
amount of electricity consumed is displayed on the vertical axis (trend). The trend that
the Prophet model anticipated based on the last three years of data is shown by the
dark blue line. The uncertainty interval (with a 95% confidence level) is shown by the
light blue shaded area surrounding the trend line. This means that there is a 95%
likelihood that the future power load will fall within this range.
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It can be seen that the forecasted load is gradually increasing. This is because the
number of consumers in the given data increases year by year, as shown in Figure 3.
The electrical load from the year 2021 to 2027 is presented in Table 3.
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Figure 3: Number of Consumers from 1400 to 1402

Table 2: Existing Load and Forecasted Load

Date Energy Consumption/MWh
2021 0.5

2022 1.3

2023 2

Forecasted Consumption

2024 2.7

2025 3.6

2026 4
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The graph shown in the corresponding figure illustrates the yearly seasonal pattern of
the electricity load.

e The horizontal axis represents the days of the year, starting from January 1st
and continuing through December 31st.

e The vertical axis shows the seasonal effects, which reflect the average
variation in electricity consumption throughout the year.

From the graph, it is evident that electricity consumption reaches its peak during the
summer season, specifically from mid-March to mid-April. This increase is primarily
due to hot weather, during which people make extensive use of cooling
devices.Figure(4)

After mid-April, the electricity consumption begins to decline as the weather becomes
cooler. During the autumn season, from July to September, electricity usage reaches
its lowest levels. The reason is that temperatures are relatively moderate during this
period, and as a result, there is less reliance on heating or cooling appliances.
However, toward the end of autumn and throughout the winter season, electricity
demand begins to rise again due to colder weather.

T T T T T T T
January 1 March 1 May 1 July 1 September 1 November 1 January 1
Day of year

Figure 4Seasonal Energy Consumption

temperatures, as people increasingly use heating systems. These seasonal fluctuations
occur regularly each year, and the Prophet model has been able to accurately capture
these recurring patterns.

As the weather cools off after the middle of April, power use starts to decrease. The
fall months of July through September are when electricity use is at its lowest. The
rationale for this is that there is less need for heating or cooling equipment because
the temperatures are often mild during this time. However, as temperatures drop and
more people turn to heating systems, the demand for power starts to increase once
more in the late fall and early winter.
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5. Conclusion
This research specifically focuses on forecasting the residential electrical load in the
Wazirabad area of Kabul city. For this purpose, a modern method called the Prophet
model has been used. The results show that the residential electricity consumption in
the Wazirabad area has an upward trend. This increase in electrical load has several
reasons, including population growth and the rising use of household electrical
appliances.
The available data indicates that the residential electrical energy consumption in this
area was approximately 0.5 MWh in 2021, while the forecasted load for 2026 is
around 4 MWh. It was also observed that the pattern of electricity consumption varies
across the seasons. During winter and summer, energy consumption reaches its peak
due to the increased use of heating and cooling devices in homes. In contrast, during
spring and autumn, when the weather is moderate, energy consumption decreases.
Overall, it can be concluded that residential energy consumption in this area will
continue to show an upward trend over the next three years.

6. Recommendations
The research results show that residential electrical energy consumption has an
upward trend, meaning it is gradually increasing. The findings indicate that the load
consumption rises from 0.5 MWh to 4 MWh, which represents a significant increase.
Therefore, the relevant authorities should consider this issue, assess the capacity of
the existing network, and be prepared for the forecasted conditions.
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Abstract

This study investigates the performance of fixed-tilt and tracking solar photovoltaic
(PV) systems in a cold semi-arid climate, with a case study in Kabul. The main
objective of this study is to compare the energy production, efficiency, and economic
performance of different PV system configurations to identify the most efficient and
cost-effective option. Six systems were analyzed, including three fixed-tilt angles
(latitude, latitude +13°, and latitude —13°), single-axis tracking (north—south and east—
west), and dual-axis tracking systems. The analysis was carried out using PVsyst with
solar radiation and climate data obtained from NASA SSE satellite databases. A 5
kWp mono-crystalline PV system was used as the reference model for all simulations
to ensure consistent comparison. The results show that tracking systems significantly
improve energy production compared to fixed-tilt systems. The dual-axis tracking
system achieved the highest energy output, followed by the east—west tracking system.
However, tracking systems also showed higher system losses and costs. Among all
configurations, the east-west tracking system provided the best balance between
energy yield and economic performance. The findings highlight that both technical
and economic factors must be considered when selecting PV systems in cold semi-
arid regions.

Keywords: Energy Assessment, Economic Evaluation, Fixed tilt, Tracking system,
Solar PV system
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1. Introduction

Photovoltaic (PV) technology for solar energy conversion is increasingly recognized
as a promising solution to the growing global energy demand, with applications
ranging from decentralized small-scale systems to large utility-scale installations
(Kazem et al., 2024). PV modules are solid-state devices that directly convert incident
solar irradiance into electrical energy through semiconductor-based processes (El
Hammoumi et al., 2022). Despite significant technological advancements and
ongoing research, the efficiency of commercially available PV modules remains
limited, with the highest reported conversion efficiency reaching approximately
22.8% (Elbreki et al., 2021).

Solar energy is widely considered one of the most sustainable and environmentally
friendly resources for future electricity generation (Awasthi et al., 2020; El
Hammoumi et al., 2022) The continuous depletion of non-renewable energy resources
has placed considerable pressure on conventional power systems, resulting in
persistent electricity shortages and load shedding in many regions (Eiva et al., 2026)
In addition, fossil fuel-based power generation emits large amounts of greenhouse
gases and particulate matter, contributing to environmental pollution, global warming,
and climate-related hazards (Awasthi et al., 2020; Eiva et al., 2026) Consequently,
renewable energy technologies, particularly solar energy systems, have gained
substantial attention as viable alternatives for sustainable electricity generation (El
Hammoumi et al., 2022)

Afghanistan possesses considerable solar irradiance potential, providing favorable
conditions for the deployment of photovoltaic systems to support electricity
generation and energy sustainability (Irshad et al., 2026) Among the various PV
system configurations, grid-connected systems are generally regarded as more
efficient and reliable than off-grid and hybrid systems because of their capability to
integrate with existing electrical infrastructure (Eiva et al., 2026) However, one of the
major limitations of PV systems is their relatively low conversion efficiency and the
variability in power output due to changing solar irradiance throughout the day and
across seasons (Ahmadullah et al., 2026; AL-Rousan et al., 2018)

To overcome these limitations and improve energy production, several enhancement
techniques have been developed, including maximum power point tracking (MPPT)
controllers, cooling systems, cleaning mechanisms, floating PV systems, and solar
tracking technologies (EI Hammoumi et al., 2022) Among these approaches, solar
tracking systems have attracted significant attention due to their ability to
continuously adjust the orientation of PV modules toward the sun, thereby
maximizing incident solar radiation and improving overall energy vyield (EI
Hammoumi et al., 2022; Kazem et al., 2024)
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The performance of photovoltaic power generation systems can be significantly
enhanced through the integration of solar tracking technologies. These systems
employ electromechanical actuators, typically driven by electric motors, to
dynamically align PV modules with the sun’s position throughout the day (Kazem et
al., 2024) By maintaining optimal orientation, tracking systems help maximize the
amount of solar irradiance received by the PV surface, resulting in improved electrical
power generation and more stable energy output (AL-Rousan et al., 2018; Kazem et
al., 2024).

Solar tracking systems are commonly categorized into single-axis and dual-axis
configurations. In single-axis tracking systems, PV modules rotate along one axis,
usually from east to west, to follow the apparent daily motion of the sun (AL-Rousan
et al., 2018; Kazem et al., 2024). In contrast, dual-axis tracking systems enable
movement along both horizontal and vertical axes, allowing more accurate alignment
with the sun throughout the day and across different seasons (Kazem et al., 2024).
Figure 1 illustrates the schematics of horizontal-axis, vertical-axis, and dual-axis
tracking systems. The primary objective of these technologies is to maximize the
utilization of available solar energy and improve the annual electrical energy
generation of PV systems (Kazem et al., 2024).

Based on their control mechanisms, solar tracking systems are further classified into
passive and active tracking systems (AL-Rousan et al., 2018; Kazem et al., 2024).
Passive tracking systems utilize solar heat to move a fluid inside containers attached
to the PV modules, enabling the modules to orient toward sunlight (AL-Rousan et al.,
2018; EI Hammoumi et al., 2022). In contrast, active tracking systems rely on
electrical and mechanical components such as motors, gears, sensors, and control
units to continuously align PV modules with solar radiation. Each tracking method
presents specific advantages and limitations related to installation complexity,
maintenance requirements, reliability, energy consumption, operational cost, and
system efficiency (AL-Rousan et al., 2018; Kazem et al., 2024)

Several studies have investigated the performance improvement achieved through
solar tracking technologies (Awasthi et al., 2020). However, most previous research
has primarily focused on the technical enhancement of individual tracking systems
without conducting comprehensive comparative assessments between multiple fixed-
tilt and tracking configurations under identical climatic and operational conditions
(Kazem et al., 2024) Furthermore, limited studies have simultaneously evaluated both
the energy performance and economic feasibility of different PV configurations,
particularly in Afghanistan, where solar energy applications remain relatively
underexplored (El Hammoumi et al., 2022; Irshad et al., 2026) Existing research has
also largely concentrated on one or two tracking methods, while broader comparisons
among several tracking configurations are still limited.
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Figure 1: Schematics of a) horizontal axis, b) vertical axis, and ¢) dual-axis tracking
system.

Tracking-based PV systems may also present certain practical challenges. Since
tracking panels receive higher levels of direct solar irradiance, the operating
temperature of PV cells may increase, potentially reducing module efficiency.
Moreover, the continuous movement of tracking panels may contribute to greater dust
accumulation due to varying orientations. These operational aspects require further
investigation in separate studies.

Therefore, the novelty of this study lies in its comprehensive comparative assessment
of six different photovoltaic system configurations, including both fixed-tilt and solar
tracking systems, under identical environmental and operational conditions. Unlike
earlier studies that mainly focused on energy enhancement alone, this research
integrates both technical and economic evaluations to identify the most optimized and
cost-effective PV configuration. The study specifically investigates the influence of
different tracking mechanisms on annual energy production, system efficiency, and
economic indicators related to investment optimization and cost-effectiveness. In
addition, this research contributes to the limited literature on solar tracking systems in
Afghanistan by providing a region-specific assessment based on local solar irradiance
conditions and practical deployment considerations.

2. Literature Review

The existing literature highlights the importance of optimizing solar photovoltaic (PV)
systems for enhanced energy yield and economic performance, especially in specific
climatic and geographic contexts (Eiva et al., 2026) Studies emphasize the impact of
environmental factors like humidity and temperature on PV performance, noting that
high operating temperatures can reduce module efficiency and that humidity can lead
to a thin layer of water forming on panel surfaces (El Hammoumi et al., 2022) In
contrast, research focuses on the significance of tilt angle optimization, demonstrating
that site-specific adjustments such as the annual optimum tilt angle of 29.25°
identified for northern India are necessary to maximize energy yield (Sinha &
Chandel, 2016a) These findings underscore the critical role of site-specific tilt
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adjustments in fixed-tilt systems to capture maximum solar radiation (Kazem et al.,
2024; Sinha & Chandel, 2016b)

Additionally, economic evaluations reveal that fixed-tilt systems are often more cost-
effective than tracking systems in certain contexts; for instance, fixed PV can show
greater economic feasibility over a 20-year operation period despite the tracking
systems' higher energy gains (Kazem et al., 2024; Sinha & Chandel, 2016b).
Furthermore, comparative analyses of bifacial and mono-facial modules indicate that
bifacial panels can significantly optimize energy output, with some studies showing
performance increases ranging from 3.78% to 8.16% compared to fixed panels (Ayadi
et al., 2024) Collectively, these studies suggest that in cold and semi-arid climates, a
combination of environmental assessment, tilt optimization, and economic
considerations are vital for designing efficient and cost-effective PV systems (Kazem
et al., 2024) While fixed-tilt systems are generally favored for their simplicity, lower
costs, and minimal maintenance, incorporating bifacial modules and site-specific tilt
angles can further enhance energy yield and economic returns, especially in regions
with high solar insolation and specific land use constraints (Ayadi et al., 2024; Irshad
etal., 2026; Kazem et al., 2024). (Ayadi et al., 2024; Irshad et al., 2026; Kazem et al.,
2024).

3. Materials and Method
3.1 Study Area

The study is conducted in Kabul, Afghanistan, a high-altitude city situated at
approximately 1798 m above sea level, which contributes to enhanced solar radiation
due to reduced atmospheric attenuation. According to the Képpen—Geiger climate
classification system, Kabul is classified as a cold semi-arid climate (BSk),
characterized by low annual precipitation, relatively cold winters, hot dry summers,
and high solar irradiance potential. Such climatic conditions are considered favorable
for photovoltaic applications due to the combination of abundant sunshine hours and
relatively low ambient temperatures, which can improve PV module efficiency. The
region experiences an average annual ambient temperature of approximately 12.8°C,
while its geographic position and frequent clear-sky conditions make it a suitable
location for assessing solar energy systems, particularly for evaluating the
performance of different tilt angles and solar tracking configurations (WeatherSpark,
2023; Global Solar Atlas, 2023).

3.2 Metrological Data

The meteorological data used in this study were obtained from the NASA Surface
Meteorology and Solar Energy (NASA SSE) database, which provides long-term
satellite-derived solar and climate parameters. According to this dataset, Kabul has a
global horizontal irradiation (GHI) of 2036.8 kWh/mz/year, a direct normal irradiation
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(DNI) of 2206.6 kWh/m?/year, and a diffuse horizontal irradiation (DIF) of 670.3
kWh/m?/year. The global tilted irradiation at the optimum angle (GTI) reaches 2323.2
kWh/m?/year, indicating the benefit of optimized panel inclination. The optimum tilt
angle is identified as 32° with a south-facing orientation (180° azimuth). Additionally,
the site demonstrates a high specific photovoltaic power output (PVout) of 1855.3
kWh/kWplyear, confirming its strong solar energy potential for photovoltaic system
deployment (NASA POWER, 2023; Global Solar Atlas, 2023).

3.3 Photovoltaic Model

In this study, a monocrystalline silicon photovoltaic module from Trina Solar is
adopted due to its proven efficiency, durability, and suitability for grid-connected
applications. Monocrystalline technology is selected because of its relatively higher
conversion efficiency and better performance under varying environmental
conditions, making it appropriate for the climatic characteristics of the study area. The
selected module operates within standard electrical ranges and ensures stable energy
production throughout its lifetime. The detailed technical specifications of the PV
module are provided in Table 1.

For power conversion, a string inverter developed by Huawei Technologies is utilized
to convert the generated DC electricity into usable AC power. The inverter is chosen
based on its compatibility with the system size, high conversion efficiency, and
reliable operational performance. It is designed to function over a wide voltage range
and incorporates essential protection features, ensuring safe and stable operation
under different environmental conditions. Moreover, its compact structure and high
protection rating make it suitable for outdoor installation. The complete specifications
of the inverter are summarized in Table 2.

Table 1: Specification of PV Panel considered in this study

Solar PV Specification

Type Mono-Si
Manufacturer Trina Solar

Model No TSM-DEG5-(11)-280
Power 280 Wp

Module size (W x L) 0.992 x 1.658 m2
Number of cells 1x60

Open-circuit voltage (\VVoc) 38.4V

Max. power point voltage (Vmpp) 31.7V

Model Efficiency 17%

Cell Efficiency 19.20%
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Table 2: Specification of DC-AC converter considered in this study

Inverter Specifications

Manufacturer Huawei Technologies
Model No SUN2000-4.95KTL- JPL1
Nominal AC Power (Pnom AC) 5 kW AC

Operating voltage 90-560 V

Nominal AC 245 A

Max. power (=>40°C) 521 kW AC

Pnom ratio (DC: AC) 1.13

Absolute max. PV Voltage 600 V

Number of string inputs 4

Protection IP65

Size 365x649x159mm3
Weight 19 kg

3.4 System description

A 5 kWp grid-connected solar photovoltaic system is selected as the base case for all
simulations to ensure consistency in comparison. The system utilizes mono-
crystalline PV modules, chosen due to their high efficiency and suitability for
relatively cold climatic conditions (Zgham et al., 2024). The main components of the
PV system include mono-crystalline PV modules, a grid-connected inverter (kept
constant across all cases), mounting structures (including both fixed tilt and tracking
configurations), and associated system losses such as wiring, inverter, temperature,
and mismatch losses, which are uniformly considered in all simulations. All system
parameters, except the tilt angle and tracking mechanism, are maintained constant to
ensure that any variation in energy yield is attributed solely to differences in
orientation and tracking. The overall research methodology followed in this study is
illustrated in Figure 2, which presents a systematic workflow starting from data
acquisition and system design to simulation and performance evaluation. It further
demonstrates how simulation outputs are analyzed using technical and economic
indicators to determine the most efficient and cost-effective configuration.

3.5 Simulation Tool

The performance analysis is carried out using PVsyst, an advanced and widely
validated software for PV system modeling and simulation. PVsyst is used to model
system design and configuration, simulate solar irradiation on tilted and tracking
planes, estimate annual and monthly energy production, and analyze system losses
and performance ratio (PR). The software incorporates detailed meteorological data
and advanced algorithms to simulate realistic PV system behavior under varying
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environmental conditions. It is also important to mention that the statistical data
analysis was conducted by the MS Excel software.
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Figure 2: Research Methodology diagram for this study
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3.6 System Scenarios
Six different PV system configurations are analyzed in this study:

Fixed tilt system with tilt angle = Latitude + 13°
Fixed tilt system with tilt angle = Latitude
Fixed tilt system with tilt angle = Latitude — 13°
Single-axis tracking (North—South axis rotation)
Single-axis tracking (East-West axis rotation)
Dual-axis tracking system

o o0 T

These configurations are selected to evaluate the effect of tilt angle optimization and
solar tracking mechanisms under seasonal variations, particularly under the cold semi-
arid climatic conditions of Kabul, based on the Képpen—Geiger climate classification
system. The tracking systems are modeled to dynamically follow the sun’s movement
throughout the day and across seasons, thereby maximizing incident solar radiation
on the photovoltaic surface and enhancing the overall energy yield of the PV system.

3.7 Economic Assumptions

The economic assumptions adopted in this study were based on the default financial
analysis framework of PVsyst and were uniformly applied to all photovoltaic system
configurations to ensure a fair comparative assessment. The selected assumptions are
considered acceptable for preliminary techno-economic evaluations of photovoltaic
systems. However, it is important to mention that component replacement costs,
inflation effects, and the auxiliary electricity consumption of tracking motors were not
included in the present analysis. Therefore, the obtained LCOE and payback period
values represent simplified economic indicators intended mainly for comparative
evaluation among the studied fixed-tilt and tracking photovoltaic systems.

Table 3: Economic Analysis Assumptions Used in the Study

Parameter Assumed Description / Justification
Value

Project 25 years A 25-year operational lifetime was assumed based

Lifetime on the typical design lifetime of grid-connected
photovoltaic systems and PV module manufacturer
warranties.

Discount 5% A constant discount rate of 5% was applied in the

Rate PVsyst financial model to simplify the

comparative economic evaluation among different
PV configurations.
Inflation 0% Inflation was neglected in the simulation to
Rate maintain identical economic conditions for all
system scenarios.
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Annual 1%/year 1% of annual degradation in PV output was
Degradation considered in the financial analysis to focus
Rate primarily on comparative system performance.
Electricity 0.085 The generated electricity value was estimated
Tariff (Feed- USD/KWh using a feed-in tariff of 0.085 USD/kWh in the
in Tariff) PVsyst financial model.
Annual 75 USD/year  Annual operation and maintenance costs were
O&M Cost assumed based on routine inspection, cleaning, and
minor maintenance requirements of the PV system.
System 25 years The tariff, warranty, and economic analysis period
Lifetime were considered equal to the project lifetime.
Warranty
Initial Variable The capital cost varied according to the selected
Investment dependingon PV configuration, especially due to additional
Cost configuration tracking structures and mechanical components in
tracking systems.
Replacement  Not Replacement costs for inverters, motors, or other
Cost considered components were not included in the present

economic analysis.
4. Results & Discussion

This study investigates that 5KW grid connected PV system in mono-crystalline solar
PV technologies in six different tracking and fixed systems. The results of this study
explores that the output power is the least in fixed tilted with (34+13)°=47° tilted with
the horizontal surface, Figure 3 presents the energy generation percentage for each of
the six states, if the energy generation from the fixed tilt with 47° tilted set as a 100%
all other relative percentages are presented in the chart that the N-S horizontal axis
tracking generate more than 10% of excess energy compared to the fixed tilted with
47¢ tilted with horizontal surface and the one which can generate the most energy
compared to all the five states is Dual axis tracking E-W (-120° to +120°) and N-S
(15°-55°) which generate 41% more energy than the fixed tilted with 47° tilted with
the horizontal surface.

The results of the simulation show clear differences in the performance of the six
photovoltaic (PV) system configurations under the climatic conditions of Kabul. The
comparison of annual energy production, specific yield, performance ratio, and
economic indicators provides a detailed understanding of how system orientation and
tracking methods affect overall system performance. As shown in Table 4, the energy
output increases gradually from fixed-tilt systems to tracking systems, which confirms
the importance of optimizing solar panel orientation.
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Figure 3: Comparative annual energy generation of the six investigated
photovoltaic system configurations, normalized with respect to the fixed-tilt system

at 47° inclination.

Among the fixed-tilt systems, three tilt angles were analyzed: 47°, 22°, and 34.5°. The
results indicate that the system with a tilt angle equal to the latitude (34.5°) produces
the highest annual energy, reaching 10.68 MWh/year, as presented in Table 4. This
system also shows the highest specific production of 1908 kWh/kWp/year, which
means it utilizes the available solar radiation more effectively compared to the other
fixed configurations. The systems with tilt angles of 47° and 22° produce slightly
lower energy, with 10.44 MWh/year and 10.53 MWh/year, respectively. This
difference can also be observed in Figure 4, where the monthly energy production
curves show that the optimized tilt (latitude) performs better across most months of

the year.

112



No

/

’7';_:

(45 dongd ¥ (JI5 S o9 ) dlexo 0}33&.5 -gblc oSy

Types

Fixed Tilted
(47°) &
Azimuth (0°)
Fixed Tilted
(22°) &
Azimuth (0°)
Fixed Tilted
(34.5°) &
Azimuth (0°)
N-S
Horizontal
Tracking
(15°-55°),
Azimuth (0°)
E-W Vertical
Tracking
(-120°  to
+120°), Tilt
(34.5°)

Dual AXis
Tracking E-
W
(—120°/+120°
) & N-S (15°-
55°)

10.44

10.53

10.68

11.55

13.77

14.73

Prod.
(kWh/k
Wplyr)
1864
1879

1908

2063

2458

2630

PR
(%)

85.5
0%

85.3
0%

85.3
1%

85.2
5%

85.1
2%

84.3
8%
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Cost/
Wp
(USD)

$0.59/
Wp

$0.59/
Wp

$0.59/
Wp

$0.64/
Wp

$0.64/
Wp

$0.73/
Wp

LCOE
(USD/k
Wh)
0.0198
0.0197

0.0194

0.0189

0.0158

0.0162

Payba
ck
(Year

)
4.1

4.1

4.0

4.0

3.3

35

Table 4: Summary of annual energy yield, performance ratio, economic indicators,
and losses for different fixed and tracking PV systems simulated using PVsyst
PV  System Yearly
Energy
(MWh/YT)

Loss
es
(%)

13.3
1%

13.4
8%

13.5
8%

14.0
0%

15.1
7%

16.1
3%
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Figure 4: Monthly electrical energy injected into the grid by the six 5 kWp
photovoltaic system configurations simulated in PVsyst

The results indicate that the tilt angle close to the geographical latitude provides a
better balance between summer and winter performance. The higher tilt angle (47°)
improves energy production during winter months but reduces output in summer,
while the lower tilt angle (22°) performs better in summer but loses efficiency in
winter. As a result, the latitude-based tilt offers the most stable annual performance.
This behavior can also be observed in Figure 5, where the normalized production
remains more consistent throughout the year for the optimized tilt. In addition, the
performance ratio (PR) remains almost constant at around 85% for all fixed systems,
as shown in Table 4, indicating that system losses are similar and that the differences
in output are mainly due to panel orientation.

When tracking systems are introduced, a noticeable performance improvement is
observed. The north—south (N-S) single-axis tracking system increases annual energy
production to 11.55 MWh/year, as shown in Table 4, about 8% higher than the best
fixed-tilt system. This improvement can also be seen in Figure 3, where the daily and
monthly energy profiles show higher output during morning and afternoon hours. This
is because the N-S tracking system allows the panels to follow the sun from east to
west during the day, increasing solar exposure.
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However, the improvement over the N-S tracking system remains limited compared
to other tracking options. A much larger increase in energy production is observed in
the east-west (E-W) tracking system. This system produces 13.77 MWh/year, which
is significantly higher than both fixed and N-S tracking systems. The specific
production also increases to 2458 kWh/kWp/year, indicating a great improvement in
system efficiency. This result is clearly supported by Figure 4, where the E-W
tracking system shows higher energy injection throughout the year. Similarly, Figure
5 shows that the normalized production of this system is consistently higher compared
to the other configurations.

10

=N\

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
e Fixed Tilted (47°) & Azimuth (0°)
e Fixed Tilted (22°) & Azimuth (0°)
Fixed Tilted (34.5°) & Azimuth (0°)
N-S (Horizontal Axis) tracking (15°-55°) with Azimuth (0°)
e E-\W (Vertical Axiss tracking (-120°-+120°) with fixed tilt (34.5°)
= Dual axis tracking E-W (-120° to +120°) & N-S (15°-55°)
Figure 5: Monthly normalized energy production (kWh/kWp/day) of the investigated
5 kWp photovoltaic systems, illustrating the influence of tilt angle and tracking
mechanism on system productivity throughout the year.

The best performance is achieved by the dual-axis tracking system. According to
Table 4, this system produces 14.73 MWh/year, which is the highest among all
configurations. The specific production reaches 2630 kWh/kWp/year, which is about
38% higher than the best fixed-tilt system. This significant increase is also observed
in Figure 3, where the dual-axis system shows the highest energy injected into the grid
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in all months. The obtained specific production values of 2458 kWh/kWp/year for the
E—W vertical axis tracking system and 2630 kWh/kWp/year for the dual-axis tracking
system are found to be consistent with previously published studies conducted in high
solar irradiation regions. A recent study evaluating fixed, single-axis, and dual-axis
photovoltaic systems under desert climatic conditions reported average specific yields
of 2372 kWh/kWhplyear for single-axis tracking systems and 2555 kWh/kWp/year for
dual-axis tracking systems, confirming the feasibility of achieving high energy yields
under favorable solar conditions (Ayadi et al., 2024). The slightly higher values
obtained in the present study can be attributed to the high solar irradiation potential
and clear-sky conditions of Kabul. It is important to note that the auxiliary energy
consumption of tracking motors and actuators was not included in the present
analysis; therefore, the reported energy outputs represent the gross energy generation
of the tracking systems.

Although the dual-axis system provides the highest energy output, it also shows
slightly lower performance ratio values. The PR decreases to 84.38%, and the
percentage losses increase to 16.13%, which are higher than in the other systems. This
indicates that the increased mechanical movement and system complexity lead to
additional losses. Similar trends can be seen in Figure 6, where the performance ratio
of tracking systems is slightly lower than that of fixed systems.

92.00%

—90.00%
S
588.00%

& 86.00%
[«B]
284.00%
£
< 82.00%

N
$580.00%
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
= Fixed Tilted (47°) & Azimuth (0°)
Fixed Tilted (22°) & Azimuth (0°)
Fixed Tilted (34.5°) & Azimuth (0°)
N-S (Horizontal Axis) tracking (15°-55°) with Azimuth (0°)
= E-\W (Vertical Axiss tracking (-120°-+120°) with fixed tilt (34.5°)
=== Dual axis tracking E-W (-120° to +120°) & N-S (15°-55°)
Figure 6: Monthly performance ratio (PR) comparison of the six photovoltaic
system configurations. This demonstrates the effect of tracking mechanisms and
operating conditions on overall system performance and losses.
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The relatively small variation in performance ratio (PR) among the investigated PV
configurations indicates that all systems operated under comparable electrical and
environmental conditions; however, the slightly lower PR observed in the tracking
systems can be attributed to the increase in overall system losses identified in the
PVsyst simulations. Although the dual-axis and E-W tracking systems received
significantly higher incident solar irradiation, continuous exposure to direct sunlight
increased the operating temperature of PV modules, leading to greater thermal losses
compared to the fixed-tilt configurations. In addition, tracking systems exhibited
slightly higher mismatch and wiring losses due to the more complex array geometry,
longer cable routing, and variable operating conditions during continuous movement.
The inverter losses remained nearly constant across all configurations because the
same inverter model and capacity were used in every case; however, under higher
irradiance conditions, the inverter operated more frequently near its upper loading
range, which marginally affected conversion efficiency. Therefore, despite the
substantial increase in annual energy yield, the PR values of tracking systems were
slightly reduced by approximately 1% because PR represents the ratio between actual
and theoretical energy generation after accounting for all thermal, electrical, and
system-related losses. These findings confirm that the lower PR of tracking systems
is mainly associated with increased thermal and operational losses rather than poor
system performance, since the tracking configurations still delivered significantly
higher net energy production than the fixed-tilt systems.

Higher operating temperatures reduce the efficiency of mono-crystalline PV modules
by lowering their voltage and power output. Tracking systems are more exposed to
direct solar radiation throughout the day, causing higher panel temperatures and
greater thermal losses than fixed-tilt systems. As a result, part of the additional energy
gained through tracking is offset by increased temperature-related losses. Effective
cooling methods can help reduce these losses and improve overall energy production.

Overall, the results demonstrate that tracking systems significantly improve energy
production compared to fixed-tilt systems in Kabul’s climate. While the dual-axis
system provides the highest energy output, the E-W tracking system offers a strong
balance between performance and cost. The findings suggest that selecting the optimal
system depends not only on maximizing energy yield but also on considering
economic feasibility and system complexity.

4.1. Economic Analysis

The economic evaluation was performed using a project lifetime of 25 years, which
corresponds to the typical operational life and warranty period of grid-connected PV
systems. To ensure a consistent comparison among the studied configurations, a
discount rate of 5%, an annual PV module degradation rate of 1%, and a zero inflation
rate were assumed. Under these assumptions, the future value of energy production
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decreases over time due to both the degradation of PV output and the discounting of
future cash flows. The generated electricity was valued at a feed-in tariff of 0.085
USD/kWh, while the annual operation and maintenance cost was fixed at 75
USDl/year for all systems.

The results show that tracking systems can achieve higher economic returns because
their increased energy production compensates for their higher installation costs.
However, the economic benefits are reduced over the project lifetime as annual energy
generation gradually declines due to the assumed 1% degradation rate. The 5%
discount rate further lowers the present value of future revenues, making early energy
production more economically valuable than energy generated in later years.
Consequently, the economic performance of each system depends not only on its
initial energy yield but also on its ability to maintain energy production over time.

Although tracking systems produced more electricity than fixed-tilt systems, the
higher capital costs associated with tracking mechanisms must be considered when
assessing their overall economic attractiveness. Fixed-tilt systems benefited from
lower installation costs and simpler system design, whereas tracking systems required
additional mechanical and control components. It should also be noted that
replacement costs for inverters, motors, and tracking equipment were not included in
this analysis. Therefore, the reported economic indicators should be regarded as a
simplified comparative assessment of the studied PV configurations under identical
financial assumptions.

5. Conclusion

This study evaluated the technical and preliminary economic performance of six
photovoltaic (PV) system configurations, including three fixed-tilt systems and three
tracking systems, under the cold semi-arid climatic conditions of Kabul using a 5 kWp
mono-crystalline PV system simulated in PVsyst.

The main findings can be summarized as follows:

1. Among the fixed-tilt configurations, the tilt angle equal to the site latitude (34.5°)
produced the highest annual energy output of 10.68 MWh/year and a specific
yield of 1908 kWh/kWhp/year.

2. The east-west tracking system offered the best balance of technical and economic
performance, producing 13.77 MWh/year, achieving the lowest LCOE of 0.0158
USD/kWh, and delivering the shortest payback period of 3.3 years across all
configurations investigated.

3. Total system losses increased from 13.31% in the fixed-tilt system to 16.13% in
the dual-axis tracking system, indicating that greater thermal and operational
losses accompanied the higher energy gains achieved by tracking configurations.
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4. In the economic assessment, the east—west tracking system achieved the lowest
LCOE of 0.0158 USD/kWh and the shortest payback period of 3.3 years. In
contrast, the latitude-tilt fixed system had an LCOE of 0.0194 USD/kWh and a
payback period of 4 years.

Overall, the results demonstrate that solar tracking substantially increases energy yield
under Kabul’s climatic conditions, with the dual-axis configuration providing the
highest technical performance. However, tracking systems also introduce higher
losses, greater complexity, and increased capital costs. While the east—west tracking
system exhibited the most favorable economic indicators under the assumptions
adopted in this study, these results should be interpreted as a preliminary comparative
assessment because component replacement costs, degradation effects, inflation,
discount rates, and tracking motor energy consumption were not included. Future
research should incorporate detailed lifecycle cost analysis and long-term operational
data to provide a more comprehensive evaluation of the economic feasibility of
tracking PV systems in cold semi-arid regions.

6. Limitations and future works

The present study is simulation-based and does not include experimental validation.
Future work should include real-time operational measurements to validate the
simulation outcomes under actual climatic conditions.

Solar tracking systems provide higher efficiency and better energy performance than
fixed or stationary photovoltaic systems. However, they are generally more costly
because they involve advanced technologies and complex mechanical and control
components. In addition, the installation process requires skilled experts to perform
accurate measurements and calculations to ensure proper system operation. Tracking
panels may receive more direct sunlight, increasing cell temperature, which reduces
the efficiency of PV modules, and moving panels may accumulate more dust and dirt
due to changing orientations, which must be evaluated in a separate study.

Regarding the future development of solar tracking systems, greater attention should
be given to introducing advanced and more efficient sun-tracking methods. Different
approaches, including expert systems and intelligent control techniques for
photovoltaic modules, can be developed or improved to maximize the utilization of
solar energy.
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Abstract:

The purpose of this study is to use the Hourly Analysis Program (HAP) software to
assess the system design and energy efficiency of DX Split Units for residential
structures in Ghazni, Afghanistan. Given the harsh climate of Ghazni, which is
marked by hot, dry summers and cold, snowy winters, the main goal was to precisely
estimate the heating and cooling loads of a residential building there. To model
heating and cooling loads, the research technique comprised obtaining comprehensive
building data, such as thermal conditions, dimensions, orientation, and material
attributes, which were then entered into the HAP program. According to the study,
the DX Split Unit system successfully controlled the building's thermal needs, with
peak heating loads of 41.8 kW in January and cooling loads of 111.5 kW in July.
These results show that the technology can maximize energy use while maintaining
indoor comfort. The findings emphasize the importance of precise load assessment
when developing energy-efficient HVAC systems, especially in arid environments.
The study's conclusions imply that energy savings and carbon emissions might be
further decreased by using cutting-edge technology, such as deep reinforcement
learning for thermal comfort control, and upgrading the building envelope with
energy-efficient materials. In line with sustainable development objectives, this study
offers insightful information for upcoming energy-saving projects in residential
structures.

Keywords: Energy Efficiency, HAP Software, Heating and Cooling Loads,
Residential Buildings, Ghazni, Afghanistan.
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1. Introduction
[ : a1 S3L]Lias L1 Glass

Locally and globally, buildings are the main source of energy use. The evaluation of
the heating and cooling load is a crucial part of energy management and building
design. By using this data, suitable HVAC systems are constructed, leading to
significant energy savings and a reduced carbon footprint (Zangheri et al., 2014).
Assessing the building's heating and cooling loads is essential to preserving energy
efficiency and reducing energy use (Ahmad et al., 2014). Determining the amount of
thermal energy required to maintain a room at a comfortable temperature is known as
estimating the heating and cooling load. Accurate load estimates lead to significant
energy savings by enabling the selection of appropriate HVAC systems and
equipment (Aized et al., 2017).

One of the various load estimation methods is the HAP program. These methods
provide useful data on the energy efficiency of the building, which aids in guiding
future energy-saving initiatives. Several studies have emphasized the need for
accurate load assessment in building design and optimization; for example, accurate
load estimation led to a 20% reduction in energy consumption in residential buildings
(Zaphar & Sheworke, 2018). However, the accuracy of the HAP technique depends
on the accuracy of the input data and assumptions used in the calculations.

In recent years, there has been an increase in the use of sophisticated software tools
such as HAP (Hourly Analysis Program), which calculates the heating and cooling
loads of buildings. Advanced modeling techniques and algorithms are used in these
applications (Saragasan & Sies, 2021). Another study found that energy consumption
was lowered by 33.6% when HVAC systems were optimized using accurate load
estimates. These results highlight how crucial accurate load predictions are to
reducing energy consumption and carbon emissions (2020 ASHRAE Handbook :
Heating, Ventilating, and Air-Conditioning Systems and Equipment, 2020).

Maintaining energy efficiency requires estimating the residential block's heating and
cooling needs. Predicting the loads can help create the right HVAC system, which
saves a lot of energy. Energy-efficient HVAC systems can help minimize the
building's carbon footprint, which is necessary to accomplish sustainable development
goals (Huang & Franconi, 1999).

This study aims to address the following research question: How can the Hourly
Analysis Program (HAP) be used to reliably estimate the heating and cooling loads of
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residential buildings in Ghazni, Afghanistan, and what are the main factors impacting
these loads?

The purpose of this study is to use HAP software to evaluate heating and cooling
loads. Future energy-saving measures for the building can be guided by the study's
findings, which will reduce energy consumption and carbon emissions. Estimating a
building's heating and cooling demand is crucial for achieving energy efficiency and
reducing carbon emissions. The residential block in Ghazni province requires energy-
efficient HVAC equipment to improve occupant comfort and reduce energy
consumption. Accurate load assessments provided by HAP software can guide future
energy-saving initiatives and provide valuable insights into the building's energy
performance.

2. Literature Review
Energy efficiency in residential HVAC systems is crucial for reducing energy
consumption and improving thermal comfort. Deep reinforcement learning-based
thermal comfort control methods, such as the SVR-DNN model combined with Deep
Deterministic Policy Gradient (DDPG), can optimize HVAC thermal comfort control
strategies, minimizing energy consumption while satisfying occupants' thermal
comfort (Ding et al., 2022). This approach could be adapted for DX split units in
Ghazni to improve energy efficiency.
The building envelope plays a significant role in energy efficiency. In hot climates,
using appropriate window glazing and shading devices can significantly reduce
annual energy consumption. For instance, low-E glass and box shading can save
approximately 15.1% and 13.6% of annual air conditioner electricity consumption,
respectively (Su et al., 2023). These strategies could be particularly relevant for
Ghazni's climate to reduce cooling loads on DX split units.
Mixed-mode ventilation has been proven to reduce energy consumption and introduce
fresh air effectively (Su et al., 2023). Optimizing air-velocity adjustment strategies
based on thermal comfort models can improve building energy efficiency while
maintaining occupant comfort (Mitterrutzner et al., 2023). This approach could be
integrated with the DX split unit operation in Ghazni to maximize energy savings.
When designing HVAC systems for residential buildings, it's important to consider
the trade-offs between filter efficiency, energy consumption, and indoor air quality.
Higher efficiency filters may not always lead to significant energy penalties, and their
effectiveness depends on factors such as system runtime and particle removal rates
(Alavy & Siegel, 2019). This consideration is relevant for DX split unit design in
Ghazni, especially given potential air quality concerns in the region.
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2.1. Theoretical framework

The theoretical framework offers a strong basis for examining the DX Split Units'
system design and energy efficiency in residential structures. The study intends to
maximize system performance and lower energy consumption in Ghazni's difficult
climate by combining thermodynamics, HVAC design principles, energy efficiency
models, and climate effect theories. This framework will serve as a guide for the
research approach and aid in achieving the study's goals of lowering carbon emissions
and increasing energy efficiency.

3. Research Methodology

3.1. Building Data Gathering

The purpose of this study is to estimate the heating and cooling load of the residential
building in Ghazni province, Afghanistan, which can accommodate 13 people, using
the HAP software. The building's thermal condition, dimensions, volume, orientation,
and external materials were among the information acquired. Table 1 displays the
Building Summary of the residential building: Table 2 shows window & door
constructions, Table 3 demonstrates roof assembly layers & Table 4 shows wall
assembly layers in its current condition. (DOAS Sizing Summary for DX Split Unit
(In Alternative: DX Split Unit), n.d.) The residential structure was constructed. The
building's 2D and 3D views are shown in Figures (1, 2, &3) & (4), respectively.

Table 1

Building Summary

Level Space Floor Volume Interior Wall Exterior Wall
Count Area (m3) Gross Area Gross Area

(sqm) (sqm) (sqm)

Level 5 118.5 355.6 148.9 143.6

3

Level 9 187.4 562.3 289.2 176.3

2

Level 9 187.4 562.3 289.2 176.3

1

Total 23 493.4 1480.3 727.3 496.2
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Table 2
Window & Door constructions
Tag Count Total Area Width  Height glazing, frame type &
(sqm) overall U-value
Glass 10 23.4 900 2600 single, wood &
Panel mm mm 5.92w/sqm k
Glass 3 7.8 1000 2600 single, wood &
Panel 2 mm mm 5.92w/sgm k
StwW 2 135 2600 2600 single, wood &
mm mm 5.92w/sgm k
Window 16 70.4 2000 2200 single, wood &
1.1 mm mm 5.92w/sqm k
Window 5 27.5 2500 2200 single, wood &
1.2 mm mm 5.92w/sgm k
Window 2 0.4 500 400 single, wood &
1.3 mm mm 5.92w/sqm k
Window 5 10 1000 2000 single, wood &
1.4 mm mm 5.92w/sgm k
Door 1 3 7.2 1000 2400 Opaque Door &
mm mm 3.975W/(sqm K)
Door 2 1 1.7 800 2100 Opaque Door &
mm mm 3.975W/(sgm K)
Table 3
Roof Assembly Layers-(Outside to Inside Space)
Layers Thickness R-Value Total Roof Heat Transfer
mm (sgm K)/W  Area(sqm)  Area (sqm)
Outside Surface 0.12 187.4 187.4
Resistance
gypsum plaster 20 0.05645
LW concrete 150 0.28558
Membrane 10 0.05
Inside Surface 0.06
Resistance
Totals 180 0.57203
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Table 4

Wall Assembly Layers-(Inside Space to Outside)

Layers Thickness mm R-Value (sgm K)/W
Inside Surface Resistance 0.12

cement plaster 15 0.0208

cdnh@heR brick 0.14622

cehiyel ﬂ%@t@? the residential bmldlrig-) 0.0208

Outside Surface Resistance 0.06

Totals 250 0.36782

3.2. HAP Software Design
An effective tool for estimating building heating and cooling needs is the HAP
(Hourly Analysis Program) software. Here's how you use the HAP software to
determine heating and cooling loads.

3.2.1. Building Data Input
The user enters all the geometry, orientation, envelope, window, and occupancy
schedules of the building. This information is used to create a 3D model of the
structure, which is shown in Figure 4.

Figure 1; Level one of the residential building
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Figure 2; Level two of the residential building

Figure 3; Level three of the residential building
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Figure 4; 3D model of the residential building

3.2.2. HVAC System Input
The user inputs details about the HVAC system, including control methods,
equipment capabilities, and system type.

3.2.3. Weather Data Input
The user inputs weather data for the location of the building, including temperature,
humidity, and solar radiation. The residential building is shown in Table 5 in its
current state (ASHRAE Climatic Design Conditions 2009/2013/2017/2021, n.d.).
Table 4

Thermal condition for residential buildings

Specification Value
Outdoor Max temperature (°C) 33
Indoor temperature (°C) 18
Outdoor Min temperature (°C) 19
Outside relative humidity (%) 35
Inside relative humidity (%) 50

3.2.4. Simulation:
The HVAC system is simulated by the HAP software, which also determines the
heating and cooling loads for each room and the total structure. The software
computes the HVAC system's energy usage by simulating building energy use.
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3.2.5. Analysis
The program provides a range of output reports that allow the user to analyze the
results of the simulation, including system performance, energy consumption, and
heating and cooling loads.

4, Result

4.1. Climate & Weather Conditions
The summers in Ghazni are hot, dry, and clear, and the winters are very cold, snowy,
and mostly clear. Over the course of the year, the temperature typically varies from -
5°C to 33°C and is rarely below -11°C or above 36°C.
Based on the beach/pool score, the best time of year to visit Ghazni for hot-weather
activities is from late June to late August. The hot season lasts for 3.9 months, from
May 22 to September 17, with an average daily high temperature above 27°C. The
hottest month of the year in Ghazni is July, with an average high of 33°C and a low
of 19°C (Zgham et al., 2024).
The cold season lasts for 3.0 months, from December 2 to March 3, with an average
daily high temperature below 10°C. The coldest month of the year in Ghazni is
January, with an average low of 5°C and a high of 5°C. Is shown in figures 5 & 6
(Ghazni Climate, Weather By Month, Average Temperature (Afghanistan) -
Weather Spark, n.d.)
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Figure 5; Climate in Ghazni
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Figure 6 Average High and Low Temperature in Ghazni

4.2. Calculating heating and cooling loads with HAP software

The cooling load for a residential building in a designated province in July, as
determined by HAP software, is shown in Figure 7. The maximum cooling load is
111.5 kW. The heating load for a teacher's home complex in January is shown in
Figure 8. In terms of heating load, 41.8 kW (DOAS Sizing Summary for DX Split
Unit (In Alternative: DX Split Unit), n.d.).
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Figure 6; Data for July

131



\‘\

(45 dongd ¥ (JI5 S o9 ) dlexo 9}3585 -&501.9 oSy

Total Cocling Cail Tatal Heating Cail
110-f | - 4 I e p——+
g W f N\
90—+ l
70 - 1 I
-

&0

S0
40

I
I
an e - :
I
|

N

Load [kW]

T ':Fr“ T[T
AN

20-
10

0 — : 1 t — —
D 02 D4 06 0B 10 12 14 16 18 20 22
ol 03 05 OF 08 11 13 1 1T 1@ 2 23

i Hour of D
Figure 8; Data for July our of Day

=]

5. Conclusion
Using the Hourly Analysis Program (HAP) software, this study sought to evaluate the
system design and energy efficiency of DX Split Units for residential structures in
Ghazni, Afghanistan. The study's main goal was to calculate the heating and cooling
loads of a Ghazni residential building while accounting for the harsh environment of
the area, which is marked by extremely cold winters and scorching, dry summers. The
results show that, even in the face of harsh weather, the DX Split Unit system is a
reliable and efficient way to keep indoor comfort throughout the year.
With the system reaching a peak cooling load of 111.5 kW in July and a high heating
load of 41.8 kW in January, the HAP software was essential in precisely estimating
the heating and cooling loads. Through thorough hourly load profile analysis, the
system's ability to handle both summer cooling and winter heating requirements was
verified, guaranteeing that vital areas like dining rooms, corridors, kitchens, and
bedrooms receive specialized heating and cooling. Additionally, the ventilation
system improves indoor air quality and fosters a healthy living environment by
continuously supplying fresh outdoor air.
The study emphasizes how important it is to accurately estimate load when designing
energy-efficient HVAC systems, especially in areas with harsh climates like Ghazni.
According to the findings, the DX Split Unit system provides a complete and energy-
efficient solution that is suited to the particular requirements of local residential
buildings. In keeping with sustainable development objectives, this technology not
only guarantees peak performance and passenger comfort but also helps lower energy
use and carbon emissions.
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6. Recommendations

Based on this research, we consider the following recommendations to be beneficial.
Integration of Advanced Technologies: To further maximize the performance of DX
Split Units, future studies should investigate the integration of cutting-edge energy-
saving technologies, such as thermal comfort control based on deep reinforcement
learning. These innovations can reduce energy use without sacrificing occupant
comfort.

Building Envelope Improvements: It is advised to use energy-efficient materials, such
as low-emissivity (low-E) glass and appropriate shading devices, to improve the
building envelope in order to lower cooling and heating loads. By taking these steps,
HVAC systems' yearly energy usage can be greatly decreased.
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