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Abstract: Building or solar orientation, a key architectural design parameter, significantly influences
energy consumption in buildings. Optimizing building orientation to harness passive solar benefits
is a fundamental and cost-effective measure in designing energy-efficient buildings. However,
the optimal orientation varies based on geographical location, climatic conditions, and building
type. Notably, Afghanistan’s building sector currently lacks tailored energy efficiency regulations.
Therefore, this study investigates the impact of building orientation on the energy performance
of residential buildings across nine cities in Afghanistan, each characterized by distinct climatic

conditions and geographic locations, employing BEopt™

energy simulation software. The findings
reveal diverse optimal orientations, dividing the country into three distinct climatic zones: subarctic
(optimal orientation: south-southeast), continental (optimal orientation: south), and hot-arid (optimal
orientation: north). The optimal orientations in these regions yield potential energy savings ranging
from 25.6% to 48.9% compared to the least efficient orientations. These insights are critical for
establishing location-specific building regulations in Afghanistan, promoting energy-efficient design,

and addressing the country’s current trend of unsustainable development.

Keywords: building orientation; energy efficiency; energy simulation; passive solar techniques;
Afghanistan

1. Introduction

Global warming, caused by the excessive use of energy derived from fossil fuels and
resultant greenhouse gas emissions, primarily carbon dioxide (CO,), is one of the most
alarming issues that humankind is facing today [1,2]. Notably, the built environment ranks
amongst the leading energy consumers, accounting for 40% of global energy consumption
and responsible for a substantial 33% of global CO, emissions [3-5]. The projected global
population growth to 9.7 billion by 2050 will substantially increase housing demand, further
exacerbating the urgency to reduce energy consumption and greenhouse gas emissions of
the building sector [6].

In the modern era, reliance on mechanical systems for heating and cooling predomi-
nates, often overshadowing the potential benefits of passive solar design strategies [7-9].
This prevailing dependence on mechanical air conditioning has contributed to a regrettable
increase in energy consumption and CO, emissions within the building sector [10]. Over
the past few decades, building energy consumption has witnessed a significant increase
due to population growth, extended indoor time, high building appliance demands, and
a growing emphasis on indoor environmental quality [11-13]. While many countries are
advancing toward sustainable development goals and net-zero objectives by instituting
rigorous energy efficiency standards and guidelines for the building sector, the urgency of
this issue is not being adequately addressed in Afghanistan.

In the context of Afghanistan, the challenge of building energy consumption and CO,
emissions from buildings is of significant importance, given the country’s rapid popu-
lation growth and urbanization [14,15]. Rapid urbanization has led to the emergence of
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numerous informal settlements in large cities. The urban housing stock is largely infor-
mal, with 86% classified as “slum” by UN-Habitat, indicating rapid, unplanned urban
expansion [15]. Afghanistan’s current housing stock is predominantly irregular, with de-
tached or semi-detached houses comprising 54.5%, followed by regular detached housing
(32.8%), hillside dwellings (7.5%), and apartment buildings (5.2%) [15,16]. The problem
is further compounded by the country’s reliance on imported energy resulting in higher
energy costs, limited access to electricity, and frequent power outages [17-20]. Although
residential buildings account for a substantial portion of Afghanistan’s electricity consump-
tion, widespread poverty and limited access to modern heating and cooling equipment
force many households to rely heavily on alternative heating sources such as Liquefied
Petroleum Gas (LPG), wood, coal, and even waste, exacerbating environmental concerns
and energy crises in major cities [21-23]. Despite the introduction of the Afghanistan
Building Code (ABC) in 2012, which adopts the International Building Code (IBC), and the
building bye-law modification, there remains a notable absence of specific regulations or
standards tailored to the diverse climatic conditions of cities in Afghanistan, crucial for
enhancing building energy efficiency [24,25].

Considering the recent efforts to redevelop Afghanistan’s built environment from
the ground up and the ongoing expansion of the urban areas, identifying energy-efficient
design parameters for buildings that can last for decades is critical to creating sustainable
cities. Given the challenges, it is imperative to enhance building energy performance by
embracing fundamental design principles at the initial stages, prioritizing the adoption of
passive solar design strategies over energy-intensive mechanical services which require
additional costs. The passive solar design integrates a combination of building features
such as building or solar orientation, thermal mass, opening size and placement, solar
apertures, shading devices, etc., to reduce or even eliminate the need for mechanical cooling,
heating, and daytime artificial lighting [26-28]. To adopt passive solar design, architects
and builders meticulously consider the daily and annual trajectory of the sun and prevailing
conditions, aiming to optimize the efficient utilization of solar radiation and minimize
heating and cooling requirements within buildings [29]. Importantly, this approach proves
to be not only cost-effective but also yields significant energy savings and reductions in
environmental pollution, all without incurring additional initial expenses [30-32].

While numerous studies have demonstrated the energy-saving potential of passive
solar design strategies, including building orientation, their application varies by geo-
graphical location and climate [33-36]. Extensive research conducted globally, as well
as in neighboring countries like Iraq, India, and China, underscores the importance of
region-specific approaches to optimizing building orientation for energy efficiency, given
the significant variations in climate within each country [37-40]. However, the importance
of building orientation has rarely been explored in the context of Afghanistan. This gap is
particularly important given Afghanistan’s diverse climatic zones, which likely necessitate
region-specific approaches. Existing studies have primarily focused on specific cities, such
as Kabul and Mazar-e-Sharif, centered on a single existing building, and considered several
parameters together [41,42]. These findings, though valuable, cannot be generalized to the
country’s varied climate conditions.

The diversity in Afghanistan’s climatic conditions, ranging from hot regions in the
southwest to very cold regions in higher altitudes in the central and northeast, further
underscores the necessity for a comprehensive study on building energy efficiency. In-
vestigating the impact of building orientation across different climate zones is vital for
developing region-specific guidelines and regulations. Proper building orientation is par-
ticularly challenging in unplanned areas, and even in planned areas due to improper street
layouts. Many buildings in various cities across Afghanistan often lack proper orientation,
reflecting a lack of resources and awareness about the importance of orientation for energy
efficiency. A study of post-2000 buildings in Kabul city has rated these buildings as signifi-
cantly low in terms of sustainability, citing the lack of policies, regulations, and awareness
as key contributing factors [43]. Therefore, this research aims to address the gap in the
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existing literature by investigating the impact of building orientation across Afghanistan’s
diverse climatic regions. By providing insights into region-specific energy-efficient design
principles, this study aims to contribute to the development of standardized building regu-
lations and urban planning guidelines that prioritize sustainability and energy efficiency.
The findings of this research will serve as a foundation for the creation of more resilient
and energy-efficient buildings, ultimately supporting Afghanistan’s transition towards a
more sustainable built environment.

Figure 1 presents an aerial view of apartment buildings within a government-developed,
planned residential area in the 15th District of Kabul, Afghanistan. The buildings, high-
lighted in red, exhibit significant variation in orientation, as indicated by the black arrows.
This diversity in building orientations, despite the formal and planned nature of the area,
suggests that architectural and design considerations did not adequately consider proper
building orientation. Such inconsistencies can adversely affect energy consumption by
influencing factors such as solar gains, daylighting, and thermal comfort. Moreover, the
situation is even more pronounced in unplanned regions, where the lack of regulatory
oversight exacerbates the inefficiencies in building orientation.
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Figure 1. Building orientation of some apartment housing developed in planned areas of Kabul,
Afghanistan.

Given Afghanistan’s high solar potential, with an average of 3000 h of sunshine per
year, it is imperative to maximize the use of passive solar energy through proper orientation
to reduce building energy consumption [44]. Precise solar orientation involves positioning
the building to capture maximal solar heat at the appropriate time of the year when
required (cold seasons) while mitigating direct sunlight exposure to prevent overheating
during the hot seasons. The optimal orientation maximizes the efficacy of passive solar
heating and cooling, thereby diminishing reliance on active heating and cooling systems
and significantly enhancing energy efficiency.

2. Method

This study employs a simulation-based approach utilizing advanced energy simulation
software. Within the study’s scope, simulations are performed by modeling a rectangular
room (6 m x 3 m x 2.75 m—Ilength * width * height) with consistent openings situated
along a single facade, and uniform building materials are employed to isolate the impact of
building orientation on energy consumption.
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Building models and energy simulations are developed using BEopt™ energy simula-
tion software, the resulting data are processed and analyzed, and graphical illustrations are
made in Microsoft Excel 365 and R 4.3.1 programming language. To determine the optimal
building orientation for minimizing annual cooling and heating energy consumption in
nine cities across Afghanistan, the models are systematically rotated to encompass all pos-
sible sixteen cardinal, intercardinal, and secondary intercardinal directions. These cities are
situated between 31.5° N to 36.5° N latitude and 63° E to 69° E longitude, with elevations
ranging from 357 m (Mazar-e-Sharif) to 2550 m (Bamian).

Figure 2 outlines the study flow chart, providing a brief overview of the methodology
and results. To analyze energy consumption behaviors across different cities, a modular
unit of a room with specified building materials and technical properties was selected.
This approach was chosen to solely evaluate the impact of building orientation on energy
consumption. Since building plans and designs vary significantly and various other aspects
may influence the results, focusing on the modular unit with openings along one facade
helped control variables and isolate the orientation effect.

(2. Method ] (3. Results and Discussion |

—2.1. Simulation tool — 3.1. Cooling and heating load
—2.2. Study model

—3.2. Total cooling and heating load

_|2.3. Location and ————3.3. Comparison of total load
climatic condition

| ST Wt Bl 3.4. Energy saving potential

3.5. Cooling and heating load ratio
Figure 2. Study flow chart.

Nine cities in various climatic zones and locations across Afghanistan were cho-
sen to assess orientation impacts on energy needs. Due to incomplete climate data for
Afghanistan, multiple sources were used to create the weather file for simulation. Addition-
ally, Afghanistan lacks a specific climatic zoning classification for energy-efficient building
design. Therefore, the Képpen—Geiger climate classification system was employed, with
cities selected within the same climatic zones to validate or identify limitations of this
classification for building energy simulation.

Sections 3.1 and 3.2 provide a detailed analysis of the cooling, heating, and total
energy consumption of buildings with respect to all sixteen directions in various cities
across Afghanistan. These findings facilitate the integration of various parameters that
specifically affect cooling or heating load while considering building orientation, thereby
enhancing building energy efficiency.

In Section 3.3, the influence of building orientation on energy performance across the
nine selected cities with diverse climatic conditions is compared. This section also discusses
the differences in total energy consumption and the optimal orientation of buildings in
various cities. Next, Section 3.4 explores potential energy savings achieved by orienting
buildings towards the most efficient orientation, illustrated through graphs depicting the
percentage of annual cooling and heating energy savings compared to other orientations.

Finally, Section 3.5 explains and analyzes the energy consumption patterns for optimal
orientations in various cities to identify cities with minimal or maximal cooling, heating,
and total energy requirements. This comprehensive examination aims to provide de-
tailed insights into the interplay between building orientation, climatic factors, and energy
consumption behavior, thereby contributing to informed decision-making in sustainable
architectural design and urban planning contexts. Given that most cities in Afghanistan are
unplanned, this detailed analysis of all sixteen orientations offers valuable guidance for
architects and designers in selecting better building orientations.
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2.1. Simulation Tool

Building energy simulation (BES) tools are essential for optimizing building systems
at various stages, and their extensive use in research and industry has led to regular
updates and new tools [45]. This study employs BEopt™ (Building Energy Optimization
tool) version 2.8.0.0, a user-friendly energy simulation software specifically designed for
evaluating residential buildings to identify optimal cost-efficiency and energy-saving
strategies, ultimately striving for low or net-zero energy consumption [46—48]. A notable
advantage of this program is its straightforward input interface, complete with a diverse
range of predefined settings, enabling users to both design buildings and simulate their
energy performance without requiring additional software.

BEopt™, developed by the National Renewable Energy Laboratory (NREL) in align-
ment with the U.S. Department of Energy’s Building America Program, conducts com-
prehensive simulation-based analyses, factoring in specific house parameters such as size,
architectural design, occupancy, vintage, location, and utility tariffs [47]. Furthermore, it
can assess new construction and retrofits for existing homes, spanning both single- and
multi-family dwellings, employing various modes like single-building designs, parametric
sweeps, and cost-based optimizations.

BEopt™ harnesses the EnergyPlus™ platform, which serves as the Department of
Energy’s flagship simulation engine, ensuring robust and reliable simulations. The soft-
ware’s simulation assumptions are aligned with the Building America Housing Simulation
Protocols [47].

2.2. Study Model

Given the diversities observed in the zoning and architectural design of solar passive
buildings across distinct geographical regions and climatic conditions, our study concen-
trates on a singular unit within a building: a room with an attached bathroom (Figure 3).
This unit serves as a fundamental and representative space in various building types.

w e

-
6m

(a) Plan (b) 3D view

Figure 3. Study model: (a) plan; (b) 3D model.

To establish a primary fagade and mitigate the influence of solar radiation and wind
on energy performance through various fagades, all openings are provided on one fagade
while being eliminated from the other fagades. Moreover, the openings provided only on
the longer facade further help in identifying the most energy-efficient orientation. The
ceiling height is set at a standard 2.75 m, typical for contemporary residential buildings in
Afghanistan.

The construction materials selected for this study are typical of those employed
in contemporary residential buildings. The layers composing the wall, roof, and floor
assemblies, along with their respective thicknesses as detailed in Table 1, are presented in
sequential order from exterior to interior. The window materials selected for the model
in this research are non-metallic-framed, featuring clear double glazing with an air-filled
interlayer. These windows exhibit a U-value of 2.78 W/ m2.K (0.49 Btu/ h.ftz.F) and a Solar
Heat Gain Coefficient (SHGC) of 0.56. The specified window area is 5.85 m?, corresponding
to a Window-to-Wall Ratio (WWR) of 35%, with an openable window area of 1.95 m?
intended to facilitate natural ventilation.
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Table 1. Technical properties and design parameters of study models.
Main Characteristics Unit Properties
Floor area m? 18
Ceiling height m 2.75
) Stucco 2.5 cm + Hollow Concrete Masonry Unit (CMU) 20 cm + Drywall
Walls 1.6 cm
R-Value 0.036 + 0.936 + 0.093 m?K/W
Roof (flab) - Medium Color Terracotta Tiles + R-30C Fiberglass Batt + Drywall 1.6 cm
oot tHa R-Value 0.035 + 5.508 + 0.093 m2K/W
} Whole Slab R10, R5 Gap Extruded Polystyrene Insulation (XPS) 10 cm +
Floor 100% Carpet
R-Value 1.8 + 0.374 m*K/W
- Non-Metal, Clear Glass, Double Glazing, Air
Windows U-Value 2.78 W/m?2-K
WWR% 35%-5.85 m?
- Wood
Door U-Value 2.72W/m2-K
m? 1.85
Cooling set point °C 244 =76°F
Heating set point °C 20 =68 °F
Occupants 1.5 Person
Internal load Sensible Load 232 kJ/Person/h
Latent Load 173 kJ /Person/h
Airfl Air Leakage 1 ACH50
triiow Natural Ventilation Only Cooling Months, Everyday
AC EER 8.5
Space conditioning Electric Baseboard 100% Efficiency
Ceiling Fan National Average

Natural ventilation through openable windows is restricted to only cooling months.
Windows are opened based on specific criteria, which include the capacity of outdoor
airflow to maintain the cooling set point, an outdoor humidity ratio below 0.0115, and an
outdoor relative humidity lower than 70%. This method enables the utilization of lower out-
door temperatures during the early mornings and late evenings in the summer to mitigate
indoor thermal comfort during the summer months. Windows are assumed to be closed
once the indoor temperature exceeds 0.5 °C above the heating set point, or if the air change
rate exceeds 20 air changes per hour. Moreover, the simulation incorporates infiltration
at a rate of 1-ACH50 (air changes per hour at a 50 Pascal pressure difference), which is
similar to other airflow sources. These modeling assumptions aim to mitigate the influence
of infiltration on building energy consumption. However, in the context of contemporary
construction practices in Afghanistan, achieving an airtightness of 1-ACH50 proves chal-
lenging due to the lack of proper insulation materials, poor sealing, and implementation
quality (Table 1).

For simplicity and a more precise focus on space energy consumption patterns, an air
conditioner with an average Energy Efficiency Ratio (EER) of 8.5, a 100% energy-efficient
electric baseboard, and an electrically operated ceiling fan, which are all powered by
electricity, are considered for conditioning purposes. Furthermore, the occupant’s heat gain
is the only internal load considered in this study while neglecting the plug load, appliances,
lighting, etc. The occupants” heat gains, both sensible and latent loads, are considered in
accordance with ASHRAE—2009 standards [49]. The study assumes a full occupancy of
16.5 h per day, considering the occupant’s behavior and the area type.
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Thermal comfort is a complex and individualized experience influenced by various en-
vironmental (air temperature, relative humidity, air velocity, and mean radiant temperature)
and personal factors (clothing and activity), making it challenging to express within strict
numerical parameters. Nonetheless, air temperature is a commonly used indicator, and the
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE)
defines the operative temperature range of 20-23.5 °C in winter and 23-26 °C in summer in
order to maintain thermal comfort [50]. Personal factors, including clothing insulation and
occupant’s physical activity, also significantly affect thermal comfort [51]. Clothing culture
is especially relevant in specific regions. In Afghanistan, where traditional clothing covers
the entire body, heating set points are typically maintained at a minimum of 20 °C (68 °F),
aligning with local attire practices to ensure optimal thermal comfort for the majority of the
population. Cooling set points are set at 24.4 °C (76 °F) for similar reasons.

2.3. Location and Climatic Condition

Afghanistan, a mountainous landlocked country in South/Central Asia, features
diverse geographical elements, including fertile river valleys, rugged gorges, deserts,
plateaus, and snow-capped mountains. The eastern region is separated by the imposing
Hindu Kush and Pamir Mountain ranges, with peaks reaching around 7485 m. These
mountains divide the northern provinces from the rest of the country, with the highest
peaks found in the northern Wakhan (Wakhan Corridor).

The cities selected for this study encompass a variety of elevations, climatic conditions,
and global horizontal irradiation (GHI) located across Afghanistan. The high-altitude cities
of Bamian and Chaghcharan, located within the Hindu Kush and Pamir Mountain range
in the central region, contrast with the lower-elevation city of Mazar-e-Sharif in northern
Afghanistan (Figure 4 and Table 2). This diversity in geographic and climatic conditions
provides a comprehensive basis for analyzing the impact of building orientation on energy
performance, which contributes to the development of detailed and comprehensive rules
and regulations for building energy efficiency across the country.

R

- / [ Arid, desert, cold (BWk)

1 [ Arid, steppe, hot (BSh)
[ Arid, steppe, cold (BSk)
[ Temperate, dry summer, hot summer (Csa)
[ Temperate, dry summer, warm summer (Csb)
[ Temperate, dry winter, hot summer (Cwa)
B Cold, dry summer, hot summer (Dsa)
B Cold, dry summer, warm summer (Dsb)
W Cold, dry summer, cold summer (Dsc)
@ Polar, tundra (ET)
m Polar, frost (EF)

Figure 4. Topographical and Képpen-Geiger climate map of Afghanistan [52,53].

Afghanistan’s climate experiences sharp variations, with cold, snowy winters and hot,
arid summers. Temperature fluctuations occur from day to night, season to season, and
region to region. For instance, in the capital city, Kabul, situated at an altitude of 1791 m,
summer temperatures can soar from 10 °C at sunrise to 37.5 °C by noon. In lower-lying
areas like the Jalalabad Plains (575 m) just 90 km away from Kabul and the southwestern
regions, summer temperatures may reach as high as 46 °C [54].

The predominant feature of Afghanistan’s climate is a clear, blue sky with an average
of 300 days receiving sunlight per year [44]. Even in winter, the skies generally remain
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cloudless between snowfalls. Given the scarcity of rainfall between May and November,
this period can be exceptionally dry and dusty, contributing to occasional droughts that
impact agriculture in certain regions [54].

Unlike many countries that have specific climatic classification maps to facilitate the de-
velopment of energy-efficient building designs, Afghanistan lacks such resources [44,55-58].
Consequently, this study has employed the Koppen—-Geiger climate classification system,
which is widely used in building energy performance research within the country. The
Koppen-Geiger model categorizes areas into five main climatic groups (A to E) based
on temperature, with the second letter indicating seasonal precipitation, and the third
letter showing the heat level [59,60]. However, this classification may pose limitations
for building energy simulations that require detailed parameters including humidity, air
velocity, and radiant temperature. These elements are critical for accurately predicting
building thermal behavior and designing systems to optimize building energy use.

Table 2. Koppen-Geiger climate type, elevation, and average minimum and maximum temperature
of various cities in Afghanistan [53,61].

Average Annual Temp. (°C)

Koppen Climate Type City Elevation (m)

Min. Max.
(a) Bamian 2550 1.3 14.3

Dsb
(b) Chaghcharan 2230 2.7 17.1
(c) Ghazni 2219 6.9 19.6
(d) Kabul 1791 7.7 21.2

BSk
(e) Herat 920 10.6 24.3
(f) Mazar-e-Sharif 357 141 24.3
BSh (g) Kandahar 1010 13.1 27.6
(h) Jalalabad 575 13.8 25.3

BWh
(i) Farah 750 14.7 29.9

2.4. Weather File

In this study, climatic data were sourced from various institutions, including the
Afghanistan Meteorological Department, the Ministry of Energy and Water, climate.
onebuilding.org [62], and Climate Data Store [63]. The datasets provided by govern-
mental sources were incomplete and limited to daily and monthly records of a few
parameters, such as temperature, relative humidity, and precipitation. Consequently,
for building energy simulations, there was a need for a more comprehensive hourly
weather dataset. To address this requirement, we utilized EnergyPlus weather (epw)
files obtained from climate.onebuilding.org. These files were cross-verified and adjusted
using supplementary data from other sources to enhance their reliability. For the visual
representation of the data, Figure 5 was prepared using Climate Consultant software,
using the weather files adapted for the energy simulation.

Table 2 along with Figures 5 and 6 provide a comprehensive overview of the diverse cli-
matic conditions and varying elevations observed across the selected cities in Afghanistan,
which lie within latitudes ranging from 31.6° to 36.5°. This study covers a wide range of
climatic zones in Afghanistan, from the hot, arid desert (BWh) climate in Farah to the cold,
dry summer and warm summer (Dsb) climate in the city of Bamian.
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Figure 5. Average daily temperature of various cities in Afghanistan.
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Figure 6. Global horizontal irradiation (GHI) in Afghanistan and monthly average temperature [64].

3. Results and Discussion

This section presents the results illustrating the impact of various building or solar
orientations on the cooling, heating, and total energy consumption of the study model
across the diverse climatic conditions of nine cities in Afghanistan. Energy consumption is
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Annual Energy Consumption (kWh/m®/yr)

measured in kWh/m?/year, with the color gradient from light to dark indicating the range
from minimum to maximum values.

3.1. Cooling and Heating Load

Figure 7 illustrates the impact of orientation variations on the cooling and heating
energy performance of the buildings in Bamian, Chaghcharan (Ghor), Farah, and Jalalabad.
Cooling loads are represented in blue, and heating loads are shown in orange, with a
gradient from light to dark indicating the range from minimum to maximum values. As
evident from the graphs in Table 2 and Figures 5 and 6, both Bamian and Chaghcharan
(Ghor) are located in cold regions (Dsb climate), while Farah and Jalalabad fall within an
arid desert and hot (BWh climate) climate region. The results reveal a substantial contrast
in energy demand patterns among these cities.

Annual Energy Consumption (kWh/m®/yr)

Min. . Max.  Min. . Max. Min. . Max.  Min. . Max
Cooling Heating Cooling Heating
N N
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200 2001
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504 50
0w E|w E 0{w - E
5[ wsw ESE |wsw ESE S| wsw ESE
E £
< =
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ssw_ SSE SSw_ SSE ssw_ sSE ssw_ ssE
(a) Bamian—Dsb (b) Chaghcharan (Ghor)—Dsb
N
250 NNW T NNE NNW T NNE 2504 NNW T NNE NNW NNE
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x 4
Ssw_ SsSE ssw_ SsSE ssw_ ssE ssw._ ssE

(c) Farah—BWh

(d) Jalalabad —BWh

Figure 7. Impact of orientation on annual cooling and heating energy consumption in (a) Bamian
(b) Chaghcharan—Ghor (c) Farah (d) Jalalabad.

Figure 7a,b, demonstrate that southeast (SE), south-southeast (SSE), and east-southeast
(ESE) orientations minimize heating energy consumption by maximum exposure to di-
rect solar radiation throughout the year. Conversely, the north orientation, which lacks
direct solar radiation, exhibits the highest heating energy consumption. The morning
sun, penetrating from the eastern fagades, provides warmth during the cooler part of the
day (morning), effectively heating the building naturally when it is most needed. In the
afternoons, temperatures are generally higher, and additional solar radiation can lead to
overheating and increased cooling load. Therefore, orientations from east (E) to south (S)
are more energy efficient compared to orientations from south (S) to west (W). On the
other hand, while a north orientation decreases the cooling load significantly, its effec-
tiveness is compromised in colder regions characterized by minimal or no cooling energy
requirements, thereby amplifying the need for heating due to prevailing colder climatic
conditions.
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Conversely, in the hot climate regions of Farah and Jalalabad (BWh), the cooling load
is predominant. The goal in these regions is to minimize cooling loads by limiting direct
solar radiation throughout the day. Figure 7c,d show that in Farah and Jalalabad, the north
orientation exhibits the lowest cooling energy requirements, with maximum consumption
observed in the east-southeast (ESE) orientation due to significant solar exposure. North-
facing windows receive minimal direct sunlight throughout the year, while south windows
receive solar radiation for a brief period of time during summer. In contrast, east and west
windows receive prolonged sunlight each day throughout the year, resulting in a higher
cooling load.

Figure 8 presents the annual cooling and heating energy consumption of the buildings
located in the hot, arid steppe (BSh) climate of Kandahar in southwest Afghanistan. Similar
to Farah and Jalalabad, Kandahar exhibits a cooling-dominant pattern, characterized by
higher cooling energy demand than heating energy demand. In Kandahar, the north
orientation presents the lowest cooling energy consumption followed by its two adjacent
secondary intercardinal directions (NNW and NNE). On the other hand, south-southeast
(SSE) followed by south and southeast (SE) orientations have the lowest heating energy
consumption.

Annual Energy Consumption (kWh/m’/yr)
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Cooling Heating
N N
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Figure 8. Impact of orientation on annual cooling and heating energy consumption in Kandahar—BSh.

Figure 9 shows the annual cooling and heating energy consumption of buildings
located in cities characterized by a cold, arid steppe (BSk) climate. The graphs in Figure 9
reveal a progressive decrease in heating energy consumption from Figure 9a, Ghazni, to
Figure 9d, Mazar-e-Sharif, alongside an increase in cooling energy requirements. This
pattern indicates that heating loads predominate in Ghazni and Kabul, whereas Herat
exhibits a balance between heating and cooling energy demand. In contrast, Mazar-e-Sharif
is characterized as a cooling load-dominant city, indicating a diverse energy consumption
pattern within cities sharing the BSk climate classification.

To minimize solar gain and thus cooling load, the most efficient window orientation
is the north, preventing direct solar radiation penetration, with the south orientation also
performing relatively well in these cities. Northeast (NE) to northwest (NW) orientations
result in the highest heating load, while southeast (SE) to south orientations exhibit the
lowest heating energy consumption by maximizing direct solar radiation year-round.
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Figure 9. Impact of orientation on annual cooling and heating energy consumption: (a) Ghazni,
(b) Kabul, (c) Herat, and (d) Mazar-e-Sharif.

These data highlight the unique heating and cooling energy consumption patterns of
various cities, which underscores the importance of considering the locations and climatic
conditions of buildings during the architectural design process in order to improve energy
efficiency.

3.2. Total Cooling and Heating Load

Figure 10a,b present the annual total cooling and heating energy consumption of the
study model in the cold mountainous region of central Afghanistan. To enhance building
energy efficiency in this context, optimal orientation should maximize solar radiation
in winter while minimizing it in summer. The findings highlight that in extremely cold
climatic regions (Dsb), such as Bamian and Chaghcharan (Ghor), orientations ranging from
south to ESE prove to be more energy efficient, capturing maximum solar heat throughout
the year. Among these orientations, the optimal orientation is SSE with the lowest total
annual energy consumption. The elevated altitude and consistently low temperatures in
these regions contribute to their heating-dominant nature, making SSE followed by SE
orientations advantageous for maximizing solar gains from the early hours of the day and
providing passive heating. Moreover, the cold mornings experienced throughout the year
in Bamian and Chaghcharan (Ghor), as indicated in Figure 4, emphasize the significance
of the SSE orientation, which maximizes solar heat gain early in the day and significantly
reduces heating loads. Optimal orientation (SSE) results in annual energy savings of 32.5%
in Bamian and 33.6% in Chaghcharan (Ghor) compared to the least favorable orientation
(N). Moreover, there is a 4.7% and 7.5% increase in total energy consumption between
optimal SSE and south orientation in Bamian and Chaghcharan (Ghor), respectively.
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Figure 10. Impact of orientation on total annual energy consumption in (a) Bamian, (b) Chaghcharan
(Ghor), (c) Farah, and (d) Jalalabad.

Figure 10c,d illustrate the annual cooling and heating energy consumption of buildings
in hot climatic regions like Farah and Jalalabad, falling under the hot, arid desert climate
(BWh). Notably, both north and south orientations significantly reduce annual total cooling
and heating loads. In Farah, the north orientation, followed by south and north-northwest
(NNW) exhibits the least annual energy demand, with a slight 1.3% increase in total energy
consumption between the south and north orientations. Conversely, in Jalalabad, south,
north, and SSE orientations exhibit the lowest energy demand, respectively. The least
favorable orientation in Farah is east, while in Jalalabad, it is west, which is associated
with the highest annual energy consumption. Despite both cities being classified under the
hot, arid desert (BWh) climactic region in the K&ppen climate classification, Farah, with its
prolonged and intense hot and dry season, differs from Jalalabad with higher humidity
(Figure 11). Consequently, in BWh climatic regions of west and southwest Afghanistan
with less humidity, the north orientation proves to be more energy-efficient, while in
more humid eastern regions with milder climates and slightly more vegetation, the south
orientation performs better. To minimize the cooling energy demand in the hot regions,
building openings should be protected from direct solar radiation. Therefore, the north
orientation, which does not receive direct solar radiation, can yield annual energy savings
of up to 25.6% in Farah compared to the least favorable east orientation. Additionally,
optimizing building orientation in Jalalabad can result in energy savings of up to 30.4%
when comparing the best (south) and worst (west) orientations.

= =@ =« Ayrage high-Jalalabad -~ ~- Average low - Jalalabad =—#=—— Avrage high - Farah
—— Average low - Farah  # » » » RH - Jalalabad RH - Farah
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Figure 11. Comparison of the average temperatures and relative humidity of Farah and Jalalabad.
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Figure 12 indicates that in the hot, arid steppe (BSh) climate of Kandahar city, orien-

tations with the highest energy-saving potential are south, followed by north and south-
southeast (SSE). As a cooling-dominant city, orientations that maximize solar radiation
during summers, such as east, ENE, and ESE, lead to higher cooling loads and, conse-
quently, elevated annual total energy consumption. Conversely, north-oriented windows,
while minimizing heating loads, exhibit a substantial impact on increasing cooling en-

ergy demand, rendering them less energy-efficient when considering the overall cooling
and heating energy requirements for buildings in Kandahar. South-oriented windows,
receiving maximum solar radiation during winters, significantly reduce the heating load,
resulting in the lowest annual total energy consumption. The optimal south orientation can
achieve maximum energy savings of 39.1% in Kandahar’s buildings compared to the worst

orientation (east).
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Figure 12. Impact of orientation on total annual energy consumption in Kandahar—BSh.

Figure 13 presents the total annual cooling and heating energy consumption of build-
ings located in the cold, arid steppe (BSk) climatic regions of Afghanistan, characterized by
distinct seasonal variations between cold, snowy winters and hot, dry summers. Despite
Ghazni and Kabul being situated at higher elevations, experiencing a heating-dominant
climate, and Herat and Mazar-e-Sharif being located at lower elevations with cooling-
dominant climatic conditions, the south, SSE, and SSW orientations offer the most signifi-

cant energy-saving potential.
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Figure 13. Impact of orientation on total annual energy consumption in (a) Ghazni, (b) Kabul,

(c) Herat, and (d) Mazar-e-Sharif.
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Conversely, northeast in Ghazni, west-northwest (WNW) in Kabul, and east-northeast
(ENE) in Herat and Mazar-e-Sharif are the least favorable orientations in terms of energy
efficiency. In these cities, south-oriented windows receive substantial amounts of direct
solar radiation during winter, significantly reducing the annual heating energy demand
and also total annual energy consumption. South-oriented windows prove to be the most
energy-efficient compared to all other directions, despite a slight increase in the heating
load compared to north-oriented windows. The most energy-efficient orientation (south)
can result in energy savings of up to 42.5% in Ghazni, 48.9% in Kabul, 38.4% in Herat, and
31.6% in Mazar-e-Sharif compared to the worst orientation.

3.3. Comparison of the Total Cooling and Heating Load

Figure 14 illustrates the comparative annual cooling and heating energy consumption
across various cities in Afghanistan. The data reveal a pronounced undulatory behavior
in the energy demand correlating with building orientation. Starting from the north
orientation, where energy consumption is low, there is a marked increase in energy demand
as the orientation shifts toward the east, reaching a peak value. Moving from the east
orientation, it steadily decreases until reaching its minimum value in the south orientation.
As the orientation transitions from the south towards the west, a notable increase results in
a secondary apex, followed by a decline towards the northwest orientation. Notably, the
graphs for Bamian and Chaghcharan (Ghor) in the Dsb climatic region exhibit only a single
peak at the north orientation and a corresponding valley at the south-southeast orientation.
Moreover, the graph representing the annual cooling and heating energy demand of Farah
in the BWh region shows an initiation from the minimum value in the north and follows
a pattern similar to that of most cities. Furthermore, the graphs demonstrate that energy
demand in extreme cold regions is comparatively higher than the rest of the cities.

»— Chaghcharan (Ghor) Ghazni =
—o— Herat == Mazar-e-Sharif 9 Minimum value
—&— Farah —&— Kandahar &

N

NNE

NE ENE E ESE SE SSE S SSW  SW  WSW W WNW NW NNW

Figure 14. Annual energy usage of different orientations in various cities across Afghanistan.
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The optimal orientation for buildings in Afghanistan is predominantly found to be
south, except for cities located in Dsb climatic regions, where SSE represents the optimal
orientation, and Farah (BWh), where north is considered optimal. To illuminate this
contrast, Figure 15a presents a comparative analysis of the daily energy consumption
between buildings oriented to the south and SSE, representing the optimal orientation
for Dsb climatic regions. The analysis is conducted within the context of Bamian city,
characterized by cold, dry summer and warm summer (Dsb) conditions. As shown in the
graph, the south orientation is more energy efficient during winter months when the solar
trajectory is low and solar penetration from the south orientation is at its peak, attributed to
the sun’s lower position in the northern hemisphere sky. However, for the period extending
from March to December, SSE-oriented buildings, allowing for enhanced exposure to early
morning solar radiation throughout the year, demonstrate a lower heating energy demand
compared to south-oriented buildings. Despite a marginal increase in cooling load during
this period, its impact on the overall energy consumption of buildings in extreme cold
climatic conditions is negligible. Notably, the SSE orientation achieves a more substantial
reduction in heating energy consumption annually compared to the south orientation,
resulting in the minimum total heating and cooling energy consumption for buildings in
Bamian. Consequently, the findings suggest that, overall, SSE orientation proves to be
more energy efficient for the buildings in Dsb climatic regions compared to south-oriented
buildings, as they ensure higher solar gain throughout the year.

Figure 15b depicts the daily cooling and heating energy consumption of buildings
oriented to the south and north in Farah, situated within the BWh climatic region. In regions
characterized by prolonged hot seasons, such as Farah, the north orientation exhibits
relatively lower cooling energy consumption compared to south-oriented buildings, as it
effectively reduces solar radiation throughout the year. Although the north orientation
proves to have higher heating energy demand compared to the south orientation, given the
brief duration of the cold season in Farah, the total cooling and heating energy demand of
north-oriented buildings remains lower than south-oriented buildings. While the south
orientation benefits significantly from maximum solar radiation during winter, leading
to a notable reduction in heating energy requirements, the penetration of solar radiation
through south-facing windows during other seasons contributes to a heightened demand
for cooling energy. Therefore, in hot climatic regions like Farah, the north orientation,
which limits solar gain consistently throughout the year, emerges as a more energy-efficient
choice. Furthermore, it is worth noting that the energy efficiency of the south orientation
can be enhanced through the careful use of shading devices to prevent excessive solar
penetration, particularly during the hot seasons.

The findings underscore the critical importance of building orientation in architectural
design and energy-efficient building strategies, particularly in the context of Afghanistan’s
diverse climatic zones. Optimal orientation, a crucial determinant of energy performance,
exhibits variability across regions, influenced by factors such as altitude and local climate
conditions. The results highlight the south orientation as optimal for cities classified as BSh
and BSk according to the Koppen climate classification (Figure 4). However, in high-altitude
regions characterized by very cold temperatures (classified as Dsb in the Koppen climate
classification), south-southeast (SSE) and southeast (SE) orientations offer enhanced energy
efficiency. In very hot climatic regions, characterized by hot, arid desert (BWh) climates,
both north and south orientations prove to be energy-efficient choices with minimal annual
energy demand. Furthermore, in these regions, the south orientation can perform better
than the north if the openings on the southern orientation are adequately shaded during
sweltering summer days in order to reduce the cooling load during summers and heating
load during winters (further research on shading devices and opening shape and size is
recommended).
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Figure 15. Comparison of the daily energy consumption of best orientation to south orientations in
(a) Bamian and (b) Farah.

3.4. Energy Saving Potential of the Optimal Orientation

The graphs in Figure 16 present the percentage of increase or decrease in cooling,
heating, and total energy consumption compared to the optimal orientation. The results
indicate that for buildings within Dsb climate zones, a south-southeast (SSE) orientation
emerges as the most energy-efficient. Conversely, buildings located in BSk and BSh climate
zones exhibit optimal energy performance when oriented due south, whereas those in BWh
climate zones benefit from a northern orientation. Recognizing the practical difficulties in
achieving ideal orientation—stemming from urban planning irregularities or the prevalence
of informal settlements—this study presents a series of graphical interpretations. These
graphs are designed to support architects and construction professionals in approximating
the ideal orientation to enhance energy efficiency when the ideal is not feasible due to
situational constraints.
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Figure 16. Percentage increase or decrease in cooling, heating, and total energy consumption com-
pared to the optimal orientation.
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3.5. Cooling and Heating Load of the Optimal Orientation

The graphs in Figure 17 illustrate the distribution of annual energy consumption
for cooling and heating of the buildings at their optimal orientation across selected cities,
arranged in descending order of heating energy demand. It is evident that Bamian and
Chaghcharan, which are among the coldest cities, exhibit a negligible demand for cooling
energy. Conversely, Farah and Jalalabad stand out with their significant cooling require-
ments. A noteworthy observation is that cities experiencing extreme climatic conditions—
represented by the Dsb (cold, dry continental summer) climate in Bamian and the BWh
(hot desert) climate in Farah—demonstrate a greater overall energy consumption than
cities situated in milder BSk (cold semi-arid) and BSh (hot semi-arid) climatic zones. This
disparity underscores the impact of climatic extremities on energy needs, with more energy
being consumed to maintain comfortable indoor environments in areas of both severe cold
and intense heat.
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Figure 17. Annual cooling and heating energy consumption in various cities.

The results lead to the conclusion that the energy required to maintain thermal comfort
for the same indoor volume in cold regions exceeds that of hot and moderate regions.
Among the studied cities, Bamian has the highest energy demand, while Kabul exhibits
the lowest, for conditioning indoor spaces of equivalent volume. Notably, major urban
centers in Afghanistan, including Kabul, Herat, Mazar-e-Sharif, and Kandahar, endowed
with favorable climatic conditions, demonstrate lower annual energy consumption, and
proper orientation can further reduce their annual energy requirements.

4. Conclusions

The findings of this study underscore the pivotal role of tailored building orientation
in determining energy efficiency. Proper building orientation, as a key component of
passive solar design, is essential for optimizing natural heating, cooling, and lighting. This
approach enhances energy performance, reduces reliance on energy-intensive mechanical
systems, and ultimately improves overall energy efficiency.

Simulation results for nine cities across Afghanistan, each characterized by distinct
elevations and climatic conditions, reveal the intricate interaction between building orienta-
tion and energy usage. The findings indicate that regions with extreme cold temperatures
(Dsb) exhibit the highest energy demands, followed by those with very hot climates (BWh)
and then regions with more moderate climates (BSk and BSh). This underscores the critical
importance of building orientation in effectively mitigating energy consumption.
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Our study identifies the optimal orientations for various cities across Afghanistan,
tailored to their specific climatic conditions and geographical locations. In cold, high-
altitude regions (subarctic) such as Bamian and Chaghcharan (Dsb climate), orientations
from south to east-southeast (SSE) are the most energy-efficient, with SSE proving to be
optimal by capturing maximum solar heat throughout the year. This orientation results in
substantial annual energy savings compared to other directions. Conversely, in hot arid
climates regions in western Afghanistan like Farah (BWh climate), north orientations are
most effective in reducing total energy demands. The north orientation minimizes cooling
loads due to reduced solar radiation exposure, especially beneficial in the extremely hot
conditions of Farah.

For continental regions characterized by a hot, arid steppe climate (BSh climate),
such as Kandahar, the south orientation yields the lowest annual energy consumption by
effectively reducing heating loads during winters. Meanwhile, in cold, arid steppe climates
(BSk climate), including Ghazni, Kabul, Herat, and Mazar-e-Sharif, south, SSE, and SSW
orientations optimize energy savings by maximizing solar gain during winter months, with
south being the most optimal orientation.

The findings highlight that the optimal building orientation in cities across Afghanistan
is predominantly south, except in Dsb climatic regions where the SSE orientation is more
advantageous, and in Farah (BWh), where the north orientation is optimal. Moreover, this
study suggests that, in very hot climatic regions, the energy efficiency of south-oriented
buildings can be enhanced through appropriate shading devices to mitigate excessive solar
gain during summer while maintaining heating efficiency in winter. In sum, optimizing
building orientation in these cities can result in substantial annual energy savings rang-
ing from 25.6% in Farah to as high as 48.9% in Kabul compared to the least favorable
orientations.

Our analysis of the annual energy demand patterns across diverse climatic regions
demonstrates the need for customized building orientation strategies. The results can
serve as a foundation for developing standardized building and urban planning codes and
regulations that prioritize sustainability and energy efficiency in Afghanistan.

In short, the research highlights the potential of passive solar design strategies to
significantly reduce energy consumption and carbon emissions in Afghanistan’s building
sector. Proper building orientation, along with other passive design principles, holds the
key to creating more sustainable, energy-efficient cities in the face of climate change and
growing urbanization.

5. Limitations and Future Work

Despite the valuable insights of this study, several limitations should be acknowl-
edged to contextualize the findings and guide future research. A primary limitation is the
use of a simplified modular unit—a single rectangular room with uniform construction
materials and dimensions—to represent residential buildings across various climatic zones
in Afghanistan. While this approach facilitated a controlled environment to isolate and
understand the impact of building orientation on energy performance, it does not capture
the full architectural diversity and complexity of urban layouts observed in real-world
settings. As a result, the generalizability of our conclusions to more varied and intricate
building forms or irregular urban environments may be constrained.

Additionally, this study did not incorporate external factors such as shading from
adjacent structures, vegetation, or terrain variations, which are known to impact solar heat
gains and could affect the overall energy consumption of buildings. Future research should
address these limitations by employing a more comprehensive modeling approach that in-
cludes diverse building typologies, varied construction materials, and more complex urban
forms. Incorporating detailed urban morphologies and external shading effects will enable
a more accurate simulation of energy performance, reflecting the intricacies of real-world
environments. Additionally, expanding the study to consider the influence of other passive
design strategies—such as optimized shading devices, adaptive insulation techniques, and
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building envelope improvements—would enhance the applicability of the research findings.
Comparative studies across different regions with similar climates could also be valuable
in validating and refining the proposed energy efficiency guidelines. Such advancements
would contribute to developing robust, context-specific energy-efficient building design
strategies that better serve Afghanistan’s unique climatic and socio-economic conditions.
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