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ABSTRACT

This research investigates different passive design measures to improve
residential buildings’ energy efficiency and mitigate the effects of climate
change. To identify the best passive design strategy for the climate under
study, a four-Bedroom one-storey modern residential building for single-
family was picked within the hot-dry climate zone of Nigeria as a case
study. A questionnaire survey was adopted to ascertain the thermo-
physical properties of the building envelope, energy consumption by
taking meter readings, occupancy behaviour and electricity supply
schedule. The base case model was then designed in IES VE software, and
the construction materials and profiles were made to conform to the
standard regulations and guidelines of Nigeria. The base model was
subjected to two different scenarios (Traditional building envelope and
thermal insulation of Modern building envelope) and the results of the
simulation were analysed and compared to the actual energy consumption
using ASHRAE 2014 standard guidelines. A sensitivity analysis was carried
out using visual PROMETHEE II software to ascertain the robustness and
stability of the results. The results of the study show that an average of 9-
10 h of electricity is supplied to residential buildings per day. Additionally,
the base case building’s actual and simulated electricity consumption is
10.43 kWh/m? year and 45.1 kWh/m? year respectively and cooling load
accounts for 35.6% (14.5 kWh/m? year) of the total annual energy
consumption of the building. There was a reduction in annual electricity
consumption and cooling load by 20.4% (35.9 kWh/m? year) and 36.6% (9.2
kWh/m? year) respectively when the use of a traditional building envelope
(strategy 1) was adopted. Similarly, the adoption of thermal insulation of
the modern building envelope (strategy 2) leads to a reduction in annual
energy consumption and cooling load by 21.3% (35.5 kWh/m? year) and
47.6% (7.6 KWh/m? year) respectively. Strategy 2 performed better when
compared to the base model and strategy 1 as 50% of the months achieved
a PPD of less than 15%. Additionally, the sensitivity analysis result shows
the use of thermal insulation in the modern building envelope (strategy 2)
is the best compared to the traditional building envelope (strategy 1). The
adoption of any of these approaches in the design of residential buildings
in Nigeria can not only lead to comfortable indoor environments and
energy savings associated with cooling but can also cause a reduction in
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carbon-dioxide emissions by 23.2% and 28.4% when strategy 1 or 2 is used
respectively and cost of electricity savings by 20.4% and 25.7% when
strategy 1 or 2 is adopted respectively.

KEYWORDS: passive design; energy efficiency; indoor thermal comfort;
building simulation; cooling loads; climate responsive design; IES VE
software; climate analysis; sensitivity analysis; Visual PROMETHEE II
Software

ABBREVIATIONS

IES VE, Integrated Environmental Solutions-Virtual Environment;
PROMETHEE, Preference Ranking Organisation Method for Enrichment
Evaluation; PMV, Predicted Mean Vote; PPD, Predicted Percentage of
Dissatisfied; KWh, kilowatt hour; KWh/m? year, kilowatt hour per meter
square per year; GHG, Greenhouse gases; CO,, Carbon dioxide; UHL, Urban
Heat Island; ASHRAE, American Society of Heating, Refrigeration and Air-
Conditioning  Engineers; ISO, International Organisation for
Standardisation; CIBSE, Chartered Institution of Building Service
Engineers; BREEAM, Building Research Establishment Environmental
Assessment Method; NZEBs, Nearly Zero Energy Buildings; CV RMSE,
Coefficient of Variation of Root Mean Square Error; W/M?K, Watts per
meter square Kelvin; A.S.L, above sea level; FGoN, Federal Government of
Nigeria; KM?, kilometre square; N, Naira; Kg CO,, Kilogram of carbon
dioxide

INTRODUCTION

Climate change in the form of global warming is a major problem that
is of great concern to the planet, which is caused by the emission of
greenhouse gases (GHG) [1]. The building sector is the main cause of
climate change which is responsible for global CO; emissions, energy, and
electricity consumption by 19%, 32%, and 51% respectively [1]. In Nigeria,
the building sector accounts for 65% of the yearly energy consumption [2]
which is mainly due to the use of air conditioning systems [3].

The effect of climate change is already being experienced in countries
situated in the tropical climate zone which are constantly being faced with
extreme heat [4,5]; and it is believed that there will be an increase in the
average global temperature by 2.6-4.8 °C between the year 2080-2100 if
action is not taken [1]. This high temperature is more prevailing in urban
areas where heat gains in buildings are high during the daytime [6], due
to factors such as urban overpopulation, increase in the standard of living,
and urban heat island (UHI) effects [7]. Thereby, resulting in the rapid
increase in energy use due to cooling [8].

It is a well-known fact that high temperatures affect human health. As
people spend 90% of their time indoors, and their continuous exposure to
high indoor temperatures causes the body temperature to rise, and after
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long exposure to a body temperature of 40.5 °C; it can result in health
conditions such as heat stress, exhaustion, mental confusion, mottle, and
loss of consciousness, convulsion or even death [9].

To mitigate the effect of climate change, the anthropogenic activities
that increase global warming would have to be reduced. One of the ways
to do this is by reducing the energy use of buildings by adopting the use of
passive design measures to achieve the desired level of indoor thermal
comfort [10]. This is important because completely relying on non-
renewable energy sources for active cooling and heating contributes to the
effect of climate change.

The Residential buildings in Nigeria are not designed to respond to the
local climate, making the indoor thermal conditions for the residential
buildings to be unconducive for the building occupants [6,11]. The lack of
consideration of the features and approaches that leads to indoor thermal
comfort makes the use of mechanical systems for cooling a common
practice in Nigerian buildings [11,12]. However, the majority of building
occupants in Nigerian residential buildings cannot acquire mechanical
systems for cooling [6]. Those households with air conditioning systems
barely use them even during hot weather conditions due to the epileptic
power supply and very long periods of power outages [13] and more than
60% of the population in Nigeria are not connected to the national grid,
making people resort to the use of diesel/petrol generators as a backup
source of power, which adds up to the carbon dioxide concentration [14].
During the peak hot season in the summer months, the extreme heat
increases the demand for people to use electricity for cooling their indoor
space. This high increase in cooling demand and the inadequate supply of
electricity to provide the needed amount of cooling to the indoor space
leads to thermal discomfort of the building occupants thereby affecting
their performance and health [6]. Therefore, this study evaluates passive
design approaches with the aim of improving the thermal performance of
residential buildings in Nigeria.

LITERATURE REVIEW
An Overview of the Climate Zones of Nigeria for Passive Design

Nigeria is in the Western part of Africa and has a total land area of
923,768 km?2 (13,000 km2 water and 910,768 km2 island) and lies between
latitude 3°15'-13°30'N and longitude 2°59'-15°00'E; Nigeria shares
boundary with Niger Republic in the north, Cameroun and Chad republic
in the east, the Republic of Benin in the west, and to the southern part the
Gulf of Guinea in the Atlantic Ocean [15]. Nigeria experiences different
variations in climatic patterns throughout the year [16].

According to Tolulope & Parastoo [17], Nigeria is classified into five
climatic zones such as Temperate-humid, hot-humid, temperate-dry with
a cool climate, hot-dry, and temperate-dry. This climate classification is
used in this study because previous classifications are not recent and was
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based mainly on vegetation which makes it difficult to be applied to the
constantly changing climate [18-20]. Also, this classification depends on
human thermal comfort and the condition of the local climate [17] which
is the main concern of this study.

Demographics of Residential Buildings, Building Regulations and
Energy-Efficient Guidelines in Nigeria

Residential buildings in Nigeria are divided into traditional and
modern buildings. The former makes use of locally available building
materials and the latter is constructed with beautiful, highly durable and
stronger modern materials [21]. The modern building materials are
however, not responsive to the local climate, not friendly to the
environment, and they rely on mechanical cooling systems to provide the
required amount of cooling during heat season [11,22,23]. Each climate
zone of Nigeria should have its own recommended climate-responsive
building design approaches. It is imperative for the building regulation of
Nigeria to set minimum standards for the use of building materials and to
emphasize energy-efficient building design and construction for
contemporary and traditional residential buildings. However, energy
efficiency measures are not found in the building code of Nigeria [24]
although, the process of including passive design measures has already
commenced [3,11]. Contrarily, some advanced countries in the world have
developed building regulations, energy-efficient guidelines, and energy-
efficiency rating tools as well as setting ambitious net-zero energy and
carbon targets to respond to climate change [25-29]. The Nigerian
Government have recently followed the train with the development of
‘The National Renewable Energy and Energy Efficiency Policy’ (NREEEP),
the ‘2050 long-term vision for Nigeria’, ‘Climate Change Act’, and ‘Energy
Transition Plan’. The objective of these policies is to mitigate the effects of
climate change through the use of clean energy, increasing renewable
energy generation, reduction of emissions by 50% across all sectors, and
development of national climate action plans and net-zero emission
targets [30-33]. Although this could have been a good head start, however,
these policies did not address energy-efficient building design. It is
important to design buildings that use the minimum amount of energy
while providing optimum indoor thermal comfort to the building users.
Hence, the need for Nigeria to begin to look at what the developed
countries have done and start developing climate-responsive building
design policies and guidelines that can improve the energy efficiency of
Nigeria’s built environments. The discussion should centre on the
development of local green building rating tool, the adoption of best
energy efficient measures in the design and construction of new buildings
and retrofitting of existing buildings, the use of energy performance
certificates, ensuring buildings are nearly energy and carbon zero by 2050,
setting of minimum energy performance requirement for new and
existing buildings, and to address energy poverty [26,34].
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Given the above, the standard U-values recommended by Chinese and
Nevada guides will be used for comparison in this study [17,27,28]. This is
because they have a climate zone that is similar to the climate zone under
study. The Table 1 below shows the recommended U-values for Chinese
and Nevada Guides. These recommended U-values are essential towards
improving the energy efficiency and indoor thermal comfort of the
building occupants as they spend most of their time indoors.

Table 1. The standard U-values for walls, roofs, and windows in China and Nevada.

GUIDELINES

Fenestration Skylight Ceiling Woodenwall Masswall Floor Slab

CHINESE GUIDE

NEVADA GUIDE

U-Value

(W/m2K)

1.0-2.0 - - - 0.20-0.35 - 0.20-0.35

0.60 0.15 0.28 0.44 0.19 0.57

Source: [27-29].

Thermal Comfort, Comfort Zone, and Cooling Set-Points in the Hot-
Dry Climate Zone

Thermal comfort is ‘that condition of the mind that expresses
satisfaction with the thermal environment’ [35]. Thermal comfort
parameters such as temperature, relative humidity, and wind velocity in
the hot-dry climate zone of Nigeria are above the comfort zone limits
recommended by ISO and ASHRAE which are 23-26 °C, 30%-70%, and <0.2
m/s for temperature, relative humidity, and air velocity, respectively
[4,5,36,37]. To predict thermal comfort, different indices are used and all
fall under the category of deterministic approach or adaptive model.
Predicted mean vote (PMV) is a form of deterministic approach that
creates heat balance between the Human body and its environment
[37,38]. It is Fanger’s 7-point scale that measures the thermal sensation of
people in a static state and where people have no control of their thermal
environment as seen in Figure 1 [39,40]. The acceptable comfort limits are
PMV of -0.5 and +0.5 which corresponds to a PPD of 10% [37,38]. The
adaptive model on the other hand is based on the belief that people are
active and could have a level of control over their thermal environment
and could adapt or adjust to the changing environment [41]. In other
words, if a change in thermal condition that results in discomfort occurs,
people tend to react to bring back their comfort [42]. Although Fanger’s
model is the most commonly used [43], it does not allow building
occupants to have control over their thermal environment [41]. This
explains why it is best used in HVAC-controlled rooms and not effective in
naturally ventilated buildings [44]. The adaptive model, however, can be
used to ascertain the thermal conditions that are acceptable and regulated
by building users in naturally ventilated buildings (Figure 2); for instance,
the opening of windows to admit fresh air or closing it to prevent heat
gains [45]. PMV and PPD indices are calculated using Equations (1) and (2)
and the Predicted percentage of dissatisfied (PPD) value can be found after
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the PMV value has been determined using either Equation (2) or Figure 1B
below [37,38]. The analysis of thermal comfort in this study will be based
on EN 15251 and ISO 7730 [37,38] comfort criteria as seen in Table 2.

PMV = (0.303¢70038M 1
+0.028) {(M — W)
—3.05.[5733 — 6.99 (M — W) — Pa]
—0.42.[(M — W) — 58.15] — 1.7 * 10~5M(5 867 — Pa)
—0.0014 M(34 — ta) — 3.96 x 10-8fcl. [(tcl + 273)*
— (tr + 273)* — fclhe(tcl — ta)}

Where, PMV = predicted mean vote.

Ta=35.7-0.028(M-W)-1cl{3.96.10 8 fcl. [(tcl + 273)* — (&r + 273)* —

felhe(tel — ta)} (14)

h ={2.38(tcl—ta)°'25for 2.38(tcl-ta)?25>12.1vvar (1B)
C Y2.1vvar for 2.38(tcl-ta)25<12.1vvar

£ ={1.00+1.2901cl for Icl £0.078m2.°C/w 1C
7 44.05+0.6451cl for Icl>0.078m2.°C/w (10)

M = Metabolic rate (W/m?).

W = external work (W/m?).

Ia = Thermal resistance (m? °C/w).

fa = ratio of the human surface area while nude to while clothed.
ta = air temperature (°C).

tr = mean radiant temperature (°C).

Var = relative air velocity to the human body (m/s).

pa = water vapour pressure (pa).

h. = coefficient of convective heat transfer (W/m? °C).

ta = surface temperature of clothing (°C).

PPD=100 — 95, ¢—(0-03353. PMV*+0.2179. PMV?) 2)

(A) (B)

PPD (%)

‘ +2 H Warm ’

Slightly warm

‘ -1 \Slightly cool ’

Cool ;

0 ™10 1 B a0 0 PMV
Cool Slightlycool Neutral Slightly wam Wam

Figure 1. (A) 7-point thermal sensation scale. (B) PPD as determined using PMV [37,46].
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Figure 2. Acceptable operative temperature ranges for naturally ventilated spaces [46].

Table 2. Categories for the design of mechanically cooled and heated buildings.

Category Thermal state of the body as a whole
PPD (%) PMV

A <6 -0.2 <PMV < +0.2

B <10 -0.5<PMV <+0.5

C <15 -0.7 <PMV < + 0.7

D >15 <-0.7; or PMV > + 0.7

Source: [37,38,47].

Due to the harsh indoor thermal conditions of residential buildings in
the climate under study, air conditioning systems (which account for 29%
of the total energy use in residential buildings) are mainly used to achieve
the desired level of indoor thermal comfort during summer [3]. According
to Amina et al. [13], the total yearly cooling load of a single-storey building
in Nigeria is 26 kWh/m? year. Although, this consumption value would
have been higher if the electricity supply is constant. According to Kayode
et al. [48], 6-10 h of electricity is supplied daily to residential buildings in
Nigeria. However, to ensure efficient use of energy for cooling, the Chinese
energy efficiency guide recommended a yearly cooling demand of 15
kWh/m2.year for the hot summer and cold winter climate zones [49], and
the Nevada guide recommended a cooling set point of not more than 26 °C
[27,28]. Other studies recommended a temperature set point of 26 °C, 25
°C, and 26 °C for use in China, Taiwan, and Thailand respectively [50-52].
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Passive Design and Its Adoption in Nigeria

Passive design is the adoption of building design approaches, suitable
materials, and environmental conditions by the designer at the early stage
of the building design to design buildings that consider the local climate of
the area and provide comfortable indoor conditions [53]. The building
design approach does not make use of “active” (mechanical) systems but
rather, provides the needed cooling by using shading techniques, natural
ventilation, thermal mass and building orientation/layout; and the needed
heating by utilizing the thermal mass, solar gain, and insulation [54,55]. A
good passively designed building in a hot-dry climate is that which
provides the needed amount of cooling naturally without relying on
mechanical cooling systems [6]. Cooling a building passively is the
cheapest and does not affect the environment negatively. The use of
Passive design in buildings is important towards achieving indoor thermal
comfort and the reduction in cooling loads [56]. In Nigeria however, there
is a lack of consideration for passive design strategies during the design
and construction of buildings [57] hence, the need to carry out this study.
Additionally, some studies have highlighted some barriers that led to the
adoption of passive design practices in the residential building sector in
Nigeria to includes: lack of knowledge and awareness on the importance
of passive design’s principles and practices by professionals, absence of
local building rating tool, lack of technical expertise and inconsistencies in
Government policies [11,57-59].

Impact of Passive Design Strategies on Indoor Thermal Comfort and
Cooling Load

The impact of passive design strategies on indoor thermal comfort
improvement and reduction of energy use associated with cooling load
cannot be overstated. In a hot-dry climate zone, a good building
orientation is one whose building length (longer side) is facing the North-
South direction and the width (shorter side) is facing the East-West
direction or when the building orientation is 0°, 135°, and 45° [54,56,60,61],
which could lead to a reduction in cooling load by 8%-11% [62].

The use of overhang and double or triple glazing helps to prevent solar
heat gains and the radiation from the sun from striking the window
openings or building envelope. Double-glazed windows reduce heat loss
through window openings by 50% [63], reduction in annual cooling load
by 5.8% [64] and reduction in total annual energy consumption by 40.29%
[65]. When overhangs of 760 mm at 400 mm above window openings are
used, there is a reduction in cooling load by 4.41% [66].

Building materials of high thermal mass (bricks, concrete and stone)
can absorb and store energy (heat) from the sun in the daytime when the
ambient temperature is high then release it at night to warm the indoor
space of the building when the ambient temperature is low [67,68], which
improves the energy efficiency and indoor thermal comfort of a building.

] Sustain Res. 2023;5(2):€230007. https://doi.org/10.20900/jsr20230007


https://doi.org/10.20900/jsr20230007

Journal of Sustainability Research

9 of 46

Similarly, when the thickness of a building wall is increased, the U-value
of the wall decreases, and the more its capacity to dampen the heat flowing
from the outdoor to the indoor space through walls [54]. Therefore, the
performance of thermal mass is determined by the thickness, thermal
conductivity, and the area of the surface of the building material [56,67].

Thermal insulation prevents heat from coming in or going out of the
building thereby keeping the building’s indoor space cool in summer and
warm in winter [69]. The type of insulation to be used, and the level, or
position of the insulation depends on the climatic conditions of the
building location [70]. To reduce heat gain in buildings, the recommended
minimum U-value for insulation in hot-dry climates for roof and wall are
0.24 W/m2K and 0.36 W/m2K respectively, and roof insulation should be
positioned below the roofing material, and wall insulation should be
positioned either within cavities, inside or outside the solid wall [70,71].
Sayed [72] in his study made use of 150mm foam insulation in the roof.
There is also a reduction in the annual cooling load by 38% and 28% when
insulation material of 50 mm and 20 mm is used respectively [73,74]. A
combination of insulation and night cooling recommended by Solgi [75]
can reduce the cooling load by 47%, and in a situation where the heat could
not be removed, extra cooling would be required using mechanical
systems [76].

Natural ventilation allows fresh air into the building while removing
stale air from the building, providing cooling to the interior space as well
as the building occupants [77]. Natural ventilation can be single-sided,
cross, and/or stack ventilation. The amount of fresh air (ventilation)
flowing into the building depends to a large extent on the size and
positioning of the window openings and the difference in wind pressure
between the outdoor and indoor environment caused by differences in
temperature, and humidity [78]. Natural ventilation results in 40% energy
savings when compared with the use of an air-conditioned system and
leads to improved indoor thermal comfort [79]. According to Bajwa [80]
there is a reduction in indoor air temperature in the daytime when
windows are opened between 3.00 p.m. to 8 a.m. to allow the cool outdoor
air into the building to cool the indoor space, which satisfied 68% of the
building occupants. Also, to prevent heat loss or gains, windows should
remain closed during the winter and in the summer, windows should be
closed during the daytime and open at night to take advantage of Night
cooling [81].

Energy-Efficient Building Envelope Retrofitting

With the urgent need to address climate change by ensuring that new
and existing buildings are nearly zero energy and carbon, Passive design
strategies must be adopted from the design stage for new construction or
during retrofitting of existing buildings to improve the building’s thermal
performance [34,82,83]. Renovation of existing buildings is important
towards achieving a nearly zero energy and carbon building stock.
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However, the materials to be used during building renovation must be
environmentally friendly and the approaches to be adopted must be
climate responsive, technically practicable and economically viable
[11,34,57,58]. Previous studies have adopted different building retrofitting
strategies in the design of energy-efficient buildings and the majority of
which are simulation-based [11,54,56,60,61,69,72]. However, it is
imperative to develop practical and workable building renovation
strategies that can easily be implemented to bring about the improved
thermal performance after the renovation work. Graziano, Marta &
Giuliana [83] in their pilot study developed an approach to the ‘deep
renovation’ of residential building stock in the Lombardy region, Italy. The
work considered the replacement of windows and the installation of
‘prefabricated composite panels’, consisting of thermal insulation,
external finishing and ‘textile reinforced mortar’. After the ‘deep
renovation’ work, measurements were carried out and the result shows a
decrease in annual primary energy demand by 30.4% and 39% for the
installation of prefabricated insulation panels and replacement of existing
windows respectively. Additionally, a decrease in annual primary energy
demand by 69% was observed when a combination of the two approaches
was adopted. This study has further proven that building retrofitting has
an impact towards improved energy efficiency of buildings as well as a
reduction in carbon dioxide emissions. Additionally, buildings could be at
risk of moisture attack during the wet season in Nigeria as seen in the
climate analysis of Kano, Nigeria. Hence, the need to also consider
moisture performance during the design or renovation of buildings in wet
seasons. To help tackle moisture movement into the building fabric, the
guideline for the control of moisture in buildings by United State
environmental protection agency (EPA) [84], recommended the use of
moisture-tolerant materials and the exterior wall assembly should consist
of exterior cladding, air cavity, flashing, insulation material, water
resistant barrier, gypsum sheathing, wall stud and interior finish in the
construction and renovation of buildings.

Building Simulation and Multi-Criteria Analysis Methods

With the desire for more energy-efficient, healthier, and thermally
comfortable indoor environments, many researchers have adopted
different approaches to improve the thermal performance of buildings.
These approaches range from the use of building simulation and field
measurements [46,54,56,60,61,69,85], to the use of building simulation and
multi-criteria analysis methods [82,86-91].

Building simulation at the design stage affords us the chance to know
the thermal performance of the building before it is constructed or
provides us with detailed information or strategies to take appropriate
decisions for retrofitting [92]. Building simulation tools such as IES-VE,
DOE-2, IDA ICE, ECOTECT, ESP-r, Design Builder, TRNSYS, HEED,
EnergyPlus and eQUEST are currently being in use by architects or
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designers however, the majority of them prefer the use of IES VE
simulation software because it is ranked as the best tool and is termed as
the most “Architect friendly”, simple and easy to learn and good graphics
of simulation inputs and results [92]. Various calculations can be carried
out in IES VE building simulation tools, such as SunCast, Lighting,
Ventilation, Thermal comfort, energy consumption, thermal, cooling and
heating loads [93].

Multi-criteria analysis method helps researchers to carry out analysis
of a problem from different perspectives and different solutions to a
problem can be compared to identify the best solution. Chen & Tsay [91]
used a combination of building simulation and sensitivity analysis
methods to assess the influence of input parameters on building energy
and comfort performance in 24 coastal cities in China. The result of the
research shows that the percentage influence of key parameters such as
occupancy density, heating set point, roof U-value, equipment, cooling set-
point, window SHGC, and infiltration rate are affected by geographical
location and could affect comfort performance and energy use by 70% in
the region. In a similar study, Chen et al. [87] used a questionnaire survey,
building simulation (Design Builder) and sensitivity analysis method to
evaluate the factors influencing the energy consumption of rural
households in Zhejiang Province. The result of the research found that
discomfort and energy consumption in the various household patterns
had a significant influence while household patterns has little influence
for cooling and heating on the ranking of the most significant factors.
Pacheco-Torres, Anh & Luca [86] used the Simulation approach (Matlab)
and sensitivity analysis method to assess thermal comfort and energy
consumption of different heating scheduling. The result shows thermal
insulation level is among the factors that affect the efficiency of a strategy
and when the unheated period is reduced, the indoor space is kept within
comfortable limits leading to improved energy efficiency. In a different
study conducted by Maria et al. [88], a multi-domain methodology was
adopted using a combination of energy simulation (Energy Plus) with a
multi-criteria analysis method (PROMETHEE II) to rank solar shading
devices of office buildings about different control strategies in North-West
Italy. The result shows a combination of external shading with the most
automated control strategy is the best alternative for reducing energy
demand, occupants’ comfort and environmental impact. Ying et al. [89]
study is a multi-criteria optimisation approach using a combination of
field measurement, building simulation (design-builder) and global
sensitivity analysis to improve air conditioning and lighting energy
efficiency by adopting three strategies—solar shading, cool roofs and
natural ventilation in Guangzhou. The result shows roof insulation
thickness, roof albedo, and window-to-wall ratio have an impact on energy
use in lighting and air conditioning systems. Similarly, Marilia & Leopoldo
[90] is a multi-criteria methodology that used a combination of Simulation
(Daysim 3.1), sensitivity analysis and ELECTRE III method to define
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windows for office buildings in Brazil. The result of the study shows that
solutions without shading devices and solar control glazing performed
poorly when compared to solutions with solar shading. A 4-phase energy
retrofitting methodology was used in a study conducted by Ibrahim et al.
[82] using a combination of field measurement, observations and building
simulation (Design Builder) to assess the potential of transforming
heritage building stock into nearly—zero-energy buildings in Egypt. The
result shows that 66.4% of annual electricity consumption can be saved
when a combination of active and passive non-energy generating
scenarios are used.

The review of existing literature shows that what is common to these
studies is the use of multi-criteria methodology to provide solutions to
problems. Although the researchers adopted different building simulation
software, they all made use of sensitivity analysis methods. Chen et al. [87]
adopted a questionnaire survey in addition to the simulation and
sensitivity analysis. This paper will adopt a multi-criteria methodology
using a combination of a questionnaire survey, building simulation (IES
VE software) and multi-criteria decision-making method to evaluate
passive design approaches for residential buildings in Nigeria. The passive
design strategies to be adopted in this study are the use of traditional
building materials and thermal insulation of the Modern Building
envelope.

METHODOLOGY
Research Design

This study investigates a residential building to adopt the best passive
design strategy that resulted in indoor thermal comfort improvement and
reduction in energy use. To achieve this, a questionnaire was first
administered to the building occupants under study to determine the
location of the building, building envelope properties, occupancy
behaviour and actual energy use. The information obtained will be used
in the development of the base model in IES VE software and for
comparison with the simulation results. The building’s current state is
then subjected to dynamic energy simulation using IES VE software.
Different passive design strategies were proposed as scenarios where the
base model was optimized. The simulation results were then evaluated
and compared to determine the best strategy in terms of reduction in
energy use and indoor thermal comfort improvement using multi-criteria
decision-making outranking method in visual PROMETHEE II software
and then sensitivity analysis as shown in Figure 3. This study adopts a
building simulation and multi-criteria methodology to evaluate the impact
of passive design strategies in residential buildings in Nigeria and to
ascertain which strategy has the highest thermal and comfort
performance [88,90].
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Identification and
evaluation of the
building’s (base model) kg
current state using
Questionnaire survey

Selection and
assessment of
alternative passive
design strategies

Evaluation of the Base
Model’s performance
using IES VE software

Multi-criteria decision
making outranking
method using visual
PROMETHEE II

Ranking of alternative

solutions Sensitivity Analysis

Conclusion and
Recommendation

Figure 3. Workflow of a proposed multi-criteria methodology [88,90].

Location of the Study and Weather Data

The location of the study is Kano, Nigeria. Kano falls under the hot-dry
climate zone, with coordinates (Latitude 12.0022°N, Longitude 8.5920°E),
and elevation (488 m a.s.]) [17]. This location was chosen because it is the
harshest in the climate zone, is a commercial city with many industries
and is the most highly populated. For the simulation, the historical
weather data of Kano was provided by climate.onebuilding.org weather
files. The weather data is from 2007-2021 (January-December), containing
the monthly maximum, minimum, and mean temperature, Relative
humidity, precipitation, rainy days, average sunshine hours, and solar
radiation.

Climate Analysis of Kano, Nigeria

Climate consultant software is used to analyse the climate of Kano,
Nigeria using historical weather data of 2007-2021 derived from
climate.onebuilding.org. As shown in Figure 4, the temperature is as low
as 13.7 °C in January and as high as 38.7 °C in April and low humidity in
the months of January—-May and October to December. The figure also
shows a high diurnal temperature variation of 15.7 °C in the dry season
(January) and a low diurnal temperature variation of 5 °C in the rainy
season (August). Although the average dry-bulb temperature in all the
months has exceeded the comfort zone limits of 23-26 °C, the rainy season
months are close to the comfort zone limits. Additionally, the outdoor
relative humidity is high (exceeding the comfort limit of 30%-70%) during
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the rainy season in the months of June, July, August and September. This
could lead to condensation or highly humid indoor space if the building
envelope is not well insulated or does not have a moisture barrier and/or
if there is moisture infiltration through building openings.

Outdoor Temperature & Relative Humidity
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Figure 4. Daily average dry bulb temperature and outdoor relative humidity.

Questionnaire Surveyed

A questionnaire was designed to assess the current state of the building
under study. The main content of the questionnaire is: Section A covers
questions regarding the building location, type and occupants, section B
covers the building envelope properties, section C contains questions
relating to the occupancy behaviour and Section D has to do with energy
consumption of the building. The questionnaire was administered to the
building occupant and the responses were used in the development of the
base model in IES VE software the energy use will be compared to the
results obtained from the simulation.

Result of the questionnaire survey

The main content of the questionnaire and the results (responses) of
the survey is shown in Table 3 while the actual monthly energy
consumption of the building with the costs is shown in Figure 5.
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Table 3. Data results of a questionnaire survey.

S/No. Main Content of the questionnaire Results
1 Building location Kano, Nigeria
2 Type of apartment Four Bedroom Duplex
3 Number of Building occupants 5
4 Wall Material Sandcrete
5 Wall thickness 230 mm
6 Wall type Solid wall
7 Wall Insulation Nil
8 Roofing sheet material Aluminium
9 Roofing sheets thickness 0.55 mm
10 Roof insulation Nil
11 Lights Switched off during the day
12 Lights Switched off when building not occupied
13 Lights Switched off during sleep
14 Air conditioning system Switched off when the building is not occupied
15 24 h of electricity supply No
16 Average hours of electricity supply per day 9-10h
17 Annual energy consumption 5190.4 kWh (10.43 KkWh/m? year)
18 Cost of electricity in Nigerian Naira N62.4 per kWh
Actual Energy Consumption and Cost
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Figure 5. Actual monthly energy consumption of the case study building and cost of electricity.

The results of Table 3 will be used together with the data obtained from
the literature review to develop the building’s model in IES VE software.
The result in Figure 5 shows the actual monthly energy consumption and
their corresponding electricity cost. The consumption values were derived
through meter readings and energy cost per 1 unit of electricity.
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Numerical Simulation
Layout and the description of the base model

The base case building was designed in AutoCAD software (Figure 6),
the design was then exported in Dxf format and imported into IES VE
software, thereby, producing the base model in IES VE (Figure 7). The
model is a four (4) bedroom one-storey duplex modern residential
building for a high-income group that has an entrance porch, a living area,
an anteroom, dining, a visitor’s bedroom, a toilet, a store, and kitchen on
the ground floor and a general living room, chapel, 3-bedrooms, and toilets
on the first floor. The living area on the ground floor is facing the south-
east axis and the one on the first floor is facing the south-west direction,
this could be beneficial in the winter when sunlight is desired. The kitchen
is positioned to the northeast axis to receive sunlight in the morning. Two
bedrooms on the first floor are facing the East, one bedroom in the west,
and the general living room is facing the south. The building model
measures 15,647 mm long and 14,650 mm wide, and height of 6800 mm
(3000 mm each from floor level) from the outside ground level, and a roof
height of 4951 mm. The total floor area of the building is 497.89 m2 and a
volume of 1140.94 m3. The rooms were grouped to enable easy assigning
of profiles, circulation and lettable area, ventilation/infiltration rates, and
internal heat gains.
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Figure 6. The base model in AutoCAD. Source: Iko Tambaya, Checked by: Architect Stephen Moses Maichibi
& Architect James John Fainom (Member, Nigerian institute of Architects).
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Figure 7. The base model in IES VE. Source: Iko Tambaya.

The door in the main entrance of the building is a black-coloured anti-
rust steel bulletproof door of dimension 900 x 2100 mm, the internal doors
are wooden flush doors on wooden frames with dimensions 900 x 2100
mm (rooms), and 750 x 2100 mm (toilet doors) [10,24]. The windows sill
height is 900 mm and is made of aluminium framed casement windows
with 6 mm thick tinted single glazing with dimensions 1200 x 1200 mm
(rooms), and 900 x 900mm (toilets) [10,24].

Construction materials for the base model

The construction materials used in the base model are those in common
practice in Nigeria as found in the literature and by the “National building
code of Nigeria” [10,24,94]. The base model is a reinforced cement concrete
(RCC) framed building with beams and columns of width sizes of 230 x 230
mm and 300 x 230 mm, respectively. The reinforced cement concrete first-
floor slab thickness is 150 mm and cast in-situ concrete lintels span just
above the opening of windows and doors. The description of the
construction materials is shown in detail in Table 4.
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Table 4. Construction material for the base model and their thermal properties, U-values, and standard U-values.
Construction External walls Internal Partitions Ground floor Ceiling Roof Window Doors
Short-span  Aluminium
) Sandcrete Sandcrete ) Concrete  Gypsum ) o External Internal
Construction  Cement Cement Cement Cement Ceramic Reinforced aluminium framed
Block Block Screed Floor plaster metal wooden
layer plaster plaster  plaster plaster tiles concrete roofing single
wall wall slab (POP) doors doors
sheets glazed
Thickness
15 230 15 15 230 15 10 50 150 20 150 0.55 6 12 12
(mm)
Thermal
Conductivity 0.72 1.63 0.72 0.72 1.63 0.72 0.84 1.40 1.13 0.42 2.3 160 1.06 50 0.15
W/(m*K)
Density
- 1800 2300 1800 1800 2300 1800 1900 2100 2000 1200 2300 2800 - 7500 560
g/m
U-value
2.83 2.83 2.56 2.77 7.14 5.59 5.87 4.00
(W/m2K)
Standard U-
0.44 0.44 0.19 0.15 0.57 0.35 0.35 0.35

value (W/m2K)

Source: [10,24,94]. Standard U-value (W/m2K) by Nevada guide [27,28].
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Profiles and Assumptions
Occupancy profile

The model of the four-bedroom duplex is assumed to be occupied by
five (5) people. On the first floor, the master bedroom is occupied by two
people (husband and wife), and each of the two other bedrooms is
occupied by one child. The visitor’s room on the ground floor is assumed
to be occupied by the housemaid only during weekdays. The living room
on the first floor is where the building occupants spend most of their time
in the evening and the living room on the ground floor is mostly used by
the housemaid during weekdays, the children during weekends, and when
there are visitors in the house. The kitchen is mainly used for cooking
three meals a day. During weekdays, the parent leaves the house by 7:30
a.m. and returns by 4:30 p.m. while the two children leave the house by
7:30 a.m. and return by 2:00 p.m. On weekends, the full family is in the
building except the housemaid who is allowed to spend her weekend with
her family. The bedrooms on the first floor are only occupied during sleep
from 10:30 p.m. to 6:30 a.m. and the dining area is only occupied when
taking meals. It is assumed that the occupancy profile of toilets is the same
as with bedrooms as they are all ensuite. The occupancy profile for the
kitchen is the same as the store.

Natural ventilation, night cooling and AC system profile

The building makes use of a mixed mode of ventilation to achieve the
desired level of indoor thermal comfort. It is assumed that during the cold
season (December-February) the windows are permanently closed to
prevent cold discomfort and dust infiltration, and during the hot season
(March-July) the windows are closed during the daytime and open at night
to prevent daytime heat infiltration and improve night-time cooling
[75,76,79,80]. The air conditioning system set point is 26 °C and is only
during occupied hours; also, windows will remain closed when the AC
system is switched on [27,28,50-52]. Cooling by split air conditioning
system is only provided in the four bedrooms, and the two living rooms
during occupied hours. The airflow rate of 15 1/s, 30 1/s, and 13 1/s for
bathrooms, kitchens, and bedrooms respectively was used as proposed by
the building code of Nigeria [24]. For the rest of the months (August-
November), the windows are configured to open by half from 11 am-6 pm
and to open fully thereafter [80].

Lighting profile/Internal heat gains

The sunshine hours in Kano range between 8-11.3 h. For this reason,
lighting was set to go off by 7:00 a.m. and come back on by 5:00 p.m. Also,
the lights are off during sleep (22:30-6:00) [17,95]. The internal heat gains
considered in this study are those from people, lighting, and
equipment/appliances as presented in Table 5.
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Table 5. Internal heat gains and their profiles.

Room Name

Source of Heat gain

Variable Profile

GF Bedroom

FF Master Bedroom

FF Bedroom 1

FF Bedroom 2

Dining room

Kitchen

People (1) Occupancy profile
Fluorescent lamp Lighting profile
People (2) Occupancy profile
Computer From 18:00-23:00
Fluorescent lamp Lighting profile
People (1) Occupancy profile
Fluorescent lamp Lighting profile
People (1) Occupancy profile
Fluorescent lamp Lighting profile

People

Fluorescent lamp Lighting profile
Gas cooker Kitchen Occupancy profile
Refrigerator On continuously

Fluorescent lamp

Dining Occupancy profile

Lighting profile

People Kitchen Occupancy profile
GF Sitting room Fluorescent lamp Lighting profile
Television Occupancy profile
People Occupancy profile
FF Sitting room Fluorescent lamp Lighting profile
Television Occupancy Profile
People Occupancy profile
Toilets Fluorescent lamp Lighting profile
People Occupancy profile
Chapel Fluorescent lamp Lighting profile
People Occupancy profile
Stairs/Circulation Area Fluorescent lamp Lighting profile
People Occupancy profile
Source: [96].
Comfort parameters

A default clothing level (insulation) of 1 Clo from IES VE was picked for
all the building occupants and the activity levels were based on the major
activity of a room. Bedrooms were set to sleeping, living rooms were set to
seated at rest, Kitchen was set to sedentary work, standing, toilets were set
to seated at rest, the dining room was set to seated at rest, and corridors
were set to very light work, walking about.

Case Study

The simulation cases are set out to enable the objectives of the study to
be achieved. They are passive design strategies adopted after the
numerical simulation of the base model to determine which strategy is
appropriate to the climate under study. The base model was optimized
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using these approaches however, the profiles of the base model remained
the same. The strategies adopted are shown below:

Strategy 1: Traditional building envelope

This strategy seeks to compare the modern building materials used in
the base model to the locally available (traditional) building materials in
common use in the climate under study [97]. In the Northern part of
Nigeria which is predominantly hot-dry climate [17], the traditional
buildings are constructed of non-durable materials such as elephant
grasses, reeds, and leafages. Houses and boundary walls are built with
mud (adobe), or sun-dried bricks (tubali) made from clay [97]; The
common roof types found in the North are dome-shaped or flat roofs
usually made of clay, matting or thatched [98]. Table 6 shows the
traditional building envelope and its U-values.

Table 6. Traditional Building Envelopes, their U-values, and standard U-values.

Case ID Description (outside to inside) U-Value Standard U-Values
Wall 15 mm cement plaster, 230 mm sun-dried clay 0.87 0.44
bricks, 15 mm cement plaster
Ground/Exposed floor 150 mm concrete floor slab, 150 mm laterite filling, 1.22 0.19
150 mm hard-core bed
Ceiling/upper floor 300 mm concrete floor slab, 20 mm gypsum plaster  2.02 0.15
Roof 350 mm thatch roof (straw) 0.19 0.57

Source: [17,97,98].

Strategy 2: Thermal insulation of modern building envelope

This strategy introduced insulation to the wall, floor and roof of the
building. Foam insulation is used in this study ([72]. Table 7 shows the
positioning and description of the insulation materials, their U-values and
the standard U-values recommended by the Nevada guide for hot summer
and cold winter climates [27,28].

Table 7. Insulation materials, their U-values, and standard U-values.

Case ID Description (outside to inside) U-Value Standard U-Values
Wall Insulation T2 (i) 15 mm cement plaster, 100 mm foam insulation, 230 0.23 0.44
mm Blockwork, 15 mm cement plaster
Insulated ground floor 10 mm ceramics tiles, 50 mm tile bedding, 100 mm foam 0.23 0.19
T2 (ii) insulation, 150 mm concrete floor slab
Insulated ceiling/upper 10 mm clay tiles, 50 mm tile bedding, 100 mm foam 0.23 0.15
floor T2 (iii) insulation, 150 mm concrete floor slab, 20 mm gypsum
plaster
Insulated roof T2 (iv) 0.6 mm aluminium roofing sheets, 150 mm foam 0.16 0.57
insulation

Source: [70,72-74,96,99].

] Sustain Res. 2023;5(2):€230007. https://doi.org/10.20900/jsr20230007


https://doi.org/10.20900/jsr20230007

Journal of Sustainability Research

22 of 46

PROMETHEE II Multi-Criteria Analysis

Preference ranking organisation method for enrichment of evaluation
(PROMETHEE) I is a multi-criteria decision-making method that is used to
evaluate and compare (rank) different alternatives based on a set of
criteria. There are eight (8) steps involved in the PROMETHEE II method
as seen in the equations below:

(1) Start by creating an evaluation matrix that consists of alternatives
and criteria.

(aij)MxN (3)

Where M is the alternative and N, is the criteria.
(2) Calculate the normalised decision matrix.

|2¢ij—Min (x;)]
[Max (xij)—Min (xi]-)

Ry = J Benefit criteria @

_ [Max (xl-]-)—xijj . . 5
Rij = e (r)oaiim oy COSE Criteria ©)

Where x; is evaluation values provided by decision-makers, i=1,....... ,n, and
numbers of criteria j=1,....... ,m.
(3) Calculate the weighted wj of the criteria.
Z;C:l wj =1 (6)

Each criterion must have its weight and the sum of all the weights should
be 1. In this study, the weights were derived based on experts’ knowledge.
(4) Determination of deviation by pairwise comparison.

dj(a,b) = gj(a) — g;(b) (7

Where dj (a,b) is the difference between the evaluations of a and b on each
criterion.
(5) Define the preference function.

P;(a,b) = F[d;(a,b)] ®)

Where Pj (a,b) is the function of the difference between the evaluations of
alternatives a regarding alternative b on each criterion into a degree
ranging from 0 to 1.

(6) Calculate the multi-criteria preference index.

n(a,b) = X, p(a b)w; €))

(7) Determine the positive and negative outranking flows.
0% (a) = ﬁzxs 47(a,x) Positive outranking flows (10)
¢~ (a) = ﬁzxm m(x,a) Negative outranking flows 11

(8) Calculate the net flow values and rank accordingly.

B(a) = 8*(a) = 0 (@) = =T Trealpj (@, %) — ps(x, @) |w; (12)
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The alternatives to be assessed in the visual PROMETHEE II software is
the two strategies adopted in this study as shown in Tables 6 and 7 and the
criteria to be used for the assessment are, the total annual energy
consumption and cooling load, total annual CO; emissions, percentage of
satisfied people in each month and cost of electricity as shown in Table 8.

Table 8. Selection of the Criteria for the Assessment.

S/N Domain Symbol Criterion Unit of Measurement
1 Energy ENER1 Annual energy consumption kWh/m? year
ENER2 Annual cooling load kWh/m? year
2 Environment ENV1 Total annual CO2 emissions Kg COz year
Thermal Comfort coM1 % of satisfied people in all the months %
4 Economy ECON1 Cost of electricity per year in Nigerian Naira ~ N/kWh/m? year
(N)

Source: [88,90,100].

Table 9. Input parameters of the

Table 9 shows the parameters to be inputted into the Visual
PROMETHEE II software after defining the alternatives and criteria. The
performance of each alternative relative to each criterion is also shown.
The weighting of the criteria is based on three experts’ opinions. After
completing the decision matrix (which is based on Equations 3 to 8), the
data is inputted into the software for analysis.

decision matrix.

Preferences and Alternatives Beneficial criteria Non-beneficial
ENER1 ENER2 ENV1 COM1 ECON1
kWh/m? year kWh/m?year KgCOzyear % N/ kWh/m? year

Weightings 0.20 0.20 0.20 0.20 0.20

Direction of preference Min Min Min Max Min

Preference function V-shape V-shape V-shape V-shape V-shape

Indifference threshold (q) n/a n/a n/a n/a n/a

Preference threshold (p) 24 2.0 616.6 1 N149.76

Strategy 1 35.9 9.2 9,150.6 0 2240.16

Strategy 2 33.5 7.6 8,534.0 50 2090.4

Source: [88,90,100].

RESULT AND ANALYSIS
Base Model Results Validation

The calibration of the base model was based on ASHRAE 2014
guidelines using the equation of coefficient of variance of the root mean
square error (CV RMSE) and linear regression analysis [82,101]. This was
done to ascertain the correlation and accuracy between the actual energy
consumption (derived from the energy meter) of the case study building
and simulated results. The CV RMSE calculation method is shown in
Equation (13) below [87,101]. CV RMSE index helps to evaluate how well
the model data fit and the lower the CV RMSE value, the better and more
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valid the simulation model. According to ASHRAE [101] guidelines, for the
model to be acceptable the difference in value between the data measured
and simulation data should be within +30% of the CV RMSE (when using
hourly data) and 15% when using monthly data.

Figure 8 shows the actual and simulated monthly energy consumption
of the case study building and their coefficient of variation of root mean
square error (CV RMSE). Although there is a wide difference in energy
consumption, the consumption trend is almost the same. For instance, the
highest actual and simulated energy consumption is in the month of April
and the least consumption is in the months of August, December and
January. Additionally, the CV RMSE values shown in Figure 8 are higher
above the acceptable limit. However, the reason for the large difference is
because of the epileptic power supply being experienced in Nigeria [6,48].
Based on the results obtained from a questionnaire survey of the case
study building and result from a study conducted by Kayode et al. [48],
residential buildings in Nigeria are usually supplied with electricity for
only 9-10 h and 6-10 h per day respectively; as opposed to the simulation
model that is controlled by 24 h/day electricity supply profile. If the actual
annual electricity consumption of 10.43 kWh/m? year was to be based on
an electricity supply of 24 h per day, the annual energy consumption
would be 31.29 kWh/m? year as seen in Equation (14). Additionally, when
the CV (RMSE) of the simulated annual energy consumption is recalibrated
with the new actual annual electricity consumption of 31.29 KkWh/m? year
(based on 24 h per day electricity supply), the result (CV RMSE value of
10.4%) is within the acceptable limit recommended by ASHRAE 14
guidelines and is hereby accepted as seen in Table 10. Figure 9 shows a
large difference between the actual annual energy consumption (based on
an average of 8 h electricity supplies) and the simulated result of the
building under study. However, the same figure shows an acceptable
difference is observed when the actual energy consumption was
recalibrated based on 24 h electricity supply. Linear regression is also
carried out in SPSS to ascertain the accuracy of the calibration and the
correlation between the actual and simulated energy consumption. A
correlation coefficient (R?) of 0.515 was obtained based on the results of
Figure 8, showing a partially strong correlation between the actual and
simulated energy consumption.

CV RMSE= |2(@=00" (13)

(n—-p)
Q

Where, Qi = measured energy consumption and Qi = simulated energy
consumption,n=12,p=1.

As
= (14)
Ac Fsx Mc

Where Ac, is annual electricity consumption in kWh/m? year, As, is actual
electricity supply per day in hours (8 h), Fs, is full electricity supply per
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day in hours (24 h per day assumption) and Mc, is measured (actual)
annual electricity consumption (10.43 kWh/m? year).

Monthly actual and simulated energy consumption

of the building
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Figure 8. Monthly actual and simulated energy consumption of the building.
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Figure 9. Actual and simulated energy consumption of the case study building.

Table 10. Annual actual and simulated energy consumption of the building (based on 24 h of electricity
supply).

Actual Electricity Consumption Simulated Electricity Consumption CVRMSE
(kWh/m? year) (kWh/m? year) (%)
31.29 45.1 10.4
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Base Model Simulation Results

The result of the simulation show that the total annual energy
consumption of the whole building is 45.1 kWh/m? year, which generated
11,919.6 kg CO; of carbon dioxide emissions. The total annual cooling load
of the building is 14.5 KkWh/m? year, representing 35.6% of the total annual
energy use. The impact of cooling load predicted mean vote (PMV) and
indoor air temperature on energy consumption can also be assessed.
Additionally, the annual cooling load of the base model is lower when
compared to the result of a study conducted by Amina et al. [13] and the
recommendation by Chinese energy efficiency guideline [49] of total
annual cooling loads of 26 kWh/m? year and 15 kWh/m? year respectively
as seen in Figure 10.

In Figure 11, the peak energy consumption and cooling load are in the
summer month of April, and the lowest energy consumption is in the
months of August. Also, energy use is very high during the summer months
due to the high demand for cooling the indoor space and low during the
rainy season and winter months. The cooling demand reduces as soon as
the rainy season commences in mid-May. The chart in Figure 11 also
shows a strong relationship between the energy use of the building and
the cooling load where a high cooling load leads to high energy
consumption and vice versa. Similarly, the chart in Figure 12 shows a
positive relationship between the cooling load and indoor air temperature.
That is, an increase or decrease in indoor air temperature resulted in an
increase or decrease in cooling load. Higher cooling load is observed in the
summer months of March, April and May because the indoor air
temperature in those months is higher, above the comfort conditions of
23-26 °C recommended Akande & Michael [4], ASHRAE [36], Hayatu et al
[5] and ISO 7730 [37].

Total annual energy consumption and cooling load
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Figure 10. Comparing total annual energy consumption and cooling load.
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Figure 11. Comparing annual energy consumption and cooling load.
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Figure 12. Comparing cooling load and indoor air temperature.
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Figure 13. comparing cooling load and predicted mean vote.
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Figure 13 shows the average monthly PMV values of the base model.
The chart shows only the months of August and November are within the
acceptable PMV range of -0.5 to +0.5 in the Fanger’s thermal sensation [40].
Additionally, the months of January to July, September, October and
December are within the PMV range of dissatisfaction in the thermal
sensation scale ranging from PMV of +0.61 to +1.64. The heat discomfort
associated with these values means that cooling is required to restore the
building to acceptable comfort conditions [37,39,40]. The chart in Figure
13 also shows the relationship between predicted mean vote (PMV) and
cooling loads; a high cooling load is observed especially in the summer
months because the air conditioning systems are switched on to keep the
temperature within an acceptable comfort range (PMV of -0.5 to +0.5)
[37,39,40].

Scenarios and Cases
Strategy 1: Traditional building envelope

The building envelope is optimized using traditional building materials
as shown in Table 6. The simulation result shows the total yearly energy
consumption of the whole building to be 35.9 kWh/m? year which
generated 9150.6 kg CO; of carbon dioxide emissions. The total annual
cooling load of the whole building is 9.2 kWh/m? year, representing 25.7%
of the total annual energy use of the building.

The charts in Figures 14 and 15 show the average monthly energy use,
cooling load, air temperature and PMV. In Figure 14, the relationship
between indoor air temperature and cooling load can be analysed. Higher
temperatures that are outside of the comfort zone, leading to high energy
consumption and cooling load are experienced in the months of March,
April and May. The rest of the months are within the temperature range
of 23-26 °C [4,5,36,37], keeping energy consumption and cooling load low
in those months. In Figure 15, the PMV is acceptable when the temperature
is kept within acceptable comfort conditions by the use of air conditioning
(AC) systems [37,39,40].

Energy, Cooling Load and Temperature
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Figure 14. Average monthly energy consumption, cooling load and indoor air temperature.
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Figure 15. Average monthly energy consumption, cooling load and predicted mean vote.

Strategy 2: Thermal insulation of modern building envelope

Thermal insulation is added to the Modern building envelope as
detailed in Table 7. The result shows the total yearly energy consumption
to be 33.5 kWh/m? year, accounting for 8534.0 kg CO-, of the carbon dioxide
emissions. The total annual cooling load is 7.6 kWh/m? year, which

represents 22.8% of the total annual energy use of the building.
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Figure 16. Average monthly Energy consumption, cooling load and indoor air temperature.

°C

J Sustain Res. 2023;5(2):e230007. https://doi.org/10.20900/jsr20230007


https://doi.org/10.20900/jsr20230007

Journal of Sustainability Research

30 of 46

kWh

3000

2500

2000

1500

1000

500

Energy consumption, cooling load and PMV

1.2

1.6
1.4
: 1.2

0.8
0.6
0.4
0.2

/
4

Jan 01-Feb 01- Mar Apr01- May JunO01-Jul0l- Aug Sep01-Oct 01- Nov Dec

21

23

Strategy 2 Total energy (kWh)

01-21 30 0121 30 31 01-21 20 31 01-30 01-31

Strategy 2 Cooling Load (kWh)

s Strategy 2 Predicted mean vote: PMV

Figure 17. Average monthly energy consumption, cooling load and predicted mean vote.

The charts in Figures 16 and 17 show the average monthly energy use,
cooling load, air temperature and predicted mean vote (PMV). In Figure
16, higher temperatures that are outside of the comfort zone, leading to
high energy consumption and cooling load are observed in the summer
months of March, April and May. The rest of the months are within the
temperature range of 23-26 °C [5,36,37,40], keeping energy consumption
and cooling load low in those months. The months of June to November
are within the acceptable PMV limit of 0.5 to +0.5, making the building’s
indoor space comfortable for occupants as seen in Figure 17.

Comfort analysis for base model and strategy 1 and 2

This section analyses the comfort performance of the base model,
strategies 1 and 2. The analysis is based on EN 15251 [38], ISO 7730 [37]
and a study conducted by Graziano, Jens & Marta [25] and the result can
be seen in Table 11. From the table, thermal comfort analysis for the base
model shows only the months of August and November are within the
comfort limit of -0.5 < PMV < +0.5 (PPD < 10%), representing 16.7% and
83.3% months of satisfaction and dissatisfaction respectively. Similarly,
the comfort analysis of strategy 1 shows all the months are within the
range of dissatisfaction (PPD > 15%), representing 0% months of
satisfaction and 100% dissatisfaction. The analysis of strategy 2 shows the
months of June to July to be within the comfort limit of -0.5 < PMV < + 0.5
(PPD < 10%), representing 50% and 50% months of satisfaction and
dissatisfaction respectively.
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Table 11. Criteria for thermal comfort analysis of base model and strategies 1 and 2.

Category Thermal state of the bodyasa  Months under this category
whole
PPD (%) PMV Base model Strategy 1 Strategy 2
A <6 -0.2 <PMV < +0.2 Nil Nil Nil
B <10 -0.5<PMV <+0.5 August, November Nil June to November
C <15 -0.7<PMV <+0.7 January, July, November Nil
September, October
D >15 PMV<-0.7; or PMV >  February, March, January to January to May and
+0.7 April, May, June, October and December
December December
Percentage of Satisfied months 16.7% 0% 50%

Comparing base model to strategies 1 and 2

In Figure 18, thermal insulation of the modern building envelope
(strategy 2) performed better in terms of energy use and cooling load,
followed by the traditional building envelope (strategy 1) and lastly the
base model. The Base model can also be compared to strategy 1
(Traditional Building Envelope) and strategy 2 (Thermal Insulation of
Modern Building Envelope). There is a reduction in energy use by 20.4%
and 25.7% and in cooling load by 36.6% and 47.6% when strategy 1 or 2 is
used respectively. The high performance of strategy 2 (Thermal insulation
of Modern building envelope) is due to the presence of thermal insulation
in the building envelope compared to the absence of thermal insulation in
the building envelope of the base model and strategy 1 (traditional
building envelope). Thermal insulation of the building envelope doesn’t
only prevent heat from coming in or going out of the building leading to a
reduction in cooling load by 38% [72], but can also serve as a moisture
barrier which can reduce energy use due to dehumidification in the wet-
humid season as seen in the climate analysis in Figure 4 [69,73,74,76,84].

The adoption of any of these strategies can also lead to a reduction in
carbon-dioxide emissions as seen in Figure 19. When compared to the base
model, there is a reduction in carbon-dioxide emissions by 23.2% and
28.4% when strategy 1 or 2 is used respectively. Figure 20 shows that the
cost of electricity can also be reduced by 20.4% and 25.7% when strategy 1
or 2 is adopted respectively. Similarly, strategy 2 performed better when
compared to the base model and strategy 1 as 50% of the months achieved
a PPD of less than 15% as seen in Figure 21.
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Figure 18. Energy use and cooling load comparison.
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Figure 21. Percentage of months with PPD < 15%.

Sensitivity Analysis Approach

This sensitivity analysis was carried out using a combination of
PROMETHEE I, PROMETHEE II and GAIA analysis to ensure robust and
stable results. While PROMETHEEI is a partial outranking method that is
based on positive and negative flows, PROMETHEE 1II is a complete
outranking method that provides inter-criterion analysis that shows the
performance of different alternatives, and GAIA plane shows the
performance of the alternatives (strategies 1 and 2) in each criterion and
their impacts. The positive, negative and net outranking flows of all the
alternatives are presented in Table 12. Positive outranking flow shows
how an alternative is outranking other alternatives. The higher the value
the better and more powerful the alternative is over other alternatives.
Conversely, a negative outranking flow shows how an alternative is
outranked by other alternatives. The higher the negative outranking flow
the weaker the alternative over others. Additionally, the net outranking
flows are derived by finding the difference between the positive and
negative flows. The higher the net flow value the better the alternative.
The result in Table 12 and Figure 22 shows strategy 2 with the highest
positive outranking flow and lower negative outranking flow, making it
the best alternative when compared to strategy 1. Figure 22 also shows
consistency in the information provided by both flows and the two
alternatives are hereby considered comparable. Table 12 and Figure 23
show the net outranking flow (complete preference analysis) where the
final ranking of the alternatives is derived, and strategy 2 remains the
highest when compared to strategy 1, hence, becomes the best alternative.

The output from the GAIA plane in Figure 24 shows the graphical
display of the alternatives and criteria. The two alternatives are
represented by neon blue-coloured squares, the criteria are represented
by blue axes and the decision stick is represented by red axis. The result
in Figure 24 shows that the Percentage of satisfied people is not expressing
similar preference with other criteria because the criterion axis is longer
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and is not oriented in approximately the same direction as other criteria
and red decision stick. The total annual energy consumption, cooling load,
CO; emissions and cost of electricity are expressing similar preferences as
they are aligned in the same axes and towards the direction of the red
decision stick. Furthermore, the figure also shows a moderate conflict
among all the criteria because the red decision stick is pointed towards the
right as other criteria. However, the two alternatives (strategies 1 and 2)
show a wide conflict as the points are located directly opposite one
another. Strategy 2 performed better in all the criteria as they are located
on the same axis, pointing towards the decision stick.

The above results have further shown that the use of thermal insulation
in the building envelope can effectively lead to energy savings associated
with cooling load and improved thermal comfort, than the use of
traditional building envelope without insulation (although, thatched roof
provided good insulation to the roof). Although the thatch roof and clay
bricks (tubali) adopted in the traditional building envelope (strategy 1) are
locally available and are environmentally friendly building materials, the
lack of durability, moisture and fire resistance of these materials [17,97,98]
will likely make it unattractive to homeowners and building developers.
Contrarily, the best-performing approach (strategy 2) can easily be
adopted by homeowners because the building materials are made of
modern, highly durable and aesthetically appealing [21-23].

Table 12. Values and rankings of strategy 1 and 2 using PROMETHEE II method.

STRATEGIES Positive Negative Net outranking PROMETHEE II
outranking flow outranking flow flow RANKING
Strategy 1 0.0000 0.9600 -0.9600 2
Strategy 2 0.9600 0.0000 0.9600 1
1.0 o (SErategy 2
Strateay 2
Phit+ Phi-
Strategy 1
_ Strateay 1 1.0

Figure 22. Partial preference analysis (PROMETHEE I) of the two alternatives (strategies 1 and 2).
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Figure 23. Complete Preference analysis (PROMETHEE II) of the two alternatives (strategies 1 and 2).
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Figure 24. Analysis based on output from GAIA plan.

Although these strategies have shown a high impact on the thermal
performance of buildings, several factors are preventing the adoption of
passive design practices in the residential building sector in Nigeria, these
include the lack of knowledge and awareness of passive design’s
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importance, principles and practices by professionals, lack of absence of
local building rating tool, lack of technical expertise, inconsistencies in
Government policies [57-59]. When compared to other advanced
countries of the world like the UK, they have adopted different energy
efficient guidelines, policies and regulations to help mitigate climate
change such as green building rating tools (BREEAM), BSI standards
(approved documents F, L1, L1A, L2A, L2B), CIBSE guides, Net Zero targets
et cetera. The Nigeria Government should declare a climate change
emergency by engaging in the formulation of new policies and enforcing
existing ones, setting nearly zero energy buildings (NZEBs) targets and
energy efficiency guidelines. Our building code should not only centre on
the durability and aesthetics of buildings [3,24] but should also address
comfort and climate-responsive design. There should be a local green
building rating tool and professionals and homeowners should be
encouraged to use local building materials in construction. Lastly, the only
way to decarbonize the residential building sector is by discouraging
house owners from using diesel-powered generators and encouraging the
use of renewable energy. In addition to the passive design strategies
explored in this study, the proposed guideline and policy should also
consider other passive design measures such as building orientation, cool
roofs/walls, green roofs, overhangs, shading devices, double/triple glazing,
and thermal mass as it has proven by previous studies to be effective in
improving thermal comfort and energy efficiency in buildings [54,56,60—
66,69,72-76].

CONCLUSION

As Residential buildings in Nigeria are not designed to respond to the
local climate and the lack of consideration for the features and approaches
that lead to indoor thermal comfort, building users have no choice than
resort to the use of mechanical systems for cooling. These mechanical
systems need energy to operate, and the epileptic nature of the electricity
supply in Nigeria forces building occupants to rely on non-renewable
energy sources which are carbon-intensive and could lead to climate
change. To identify the best passive design strategies for the climate under
study, a four-Bedroom one-storey modern residential building for single-
family was picked within the hot-dry climate zone of Nigeria as a case
study. The building is made up of a 230 mm hollow Sandcrete block wall
and an aluminium roof. The design and construction of the building are
by the normal practice and with the building regulation of Nigeria. The
construction materials and profiles, glazing, cooling set-point, and
standard U-values were derived from the Nigerian building code, a
questionnaire survey result, a Chinese guide, and a Nevada guide. For the
simulation, the historical weather data (2007-2021) of Kano was provided
by climate.onebuilding.org weather files. A questionnaire survey was
adopted to ascertain the thermo-physical properties of the building
envelope, energy consumption by taking meter readings, occupancy
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behaviour and electricity supply schedule. The base case model was then
designed in IES VE software, and the construction materials and profiles
were made to conform to the standard regulations and guidelines of
Nigeria. The base model was subjected to two different scenarios
(Traditional building envelope and thermal insulation of Modern building
envelope) and the results of the simulation were analysed and compared
to the actual energy consumption using ASHRAE 2014 standard guidelines.
A sensitivity analysis using visual PROMETHEE II software was carried out
using the building simulation results to ascertain the robustness and
stability of the results.

The results of the study show that an average of 9-10 h of electricity is
supplied to residential buildings in Nigeria per day. Additionally, the
actual and simulated electricity consumption of the base case building is
10.43 kWh/m? year and 45.1 kWh/m? year respectively. However, when
compared to the simulated result, there is a large difference, making the
result not to be within the acceptable range of +30% of CV RMSE. When the
results were recalibrated based on 24 h of electricity supply, the actual
annual electricity consumption is 31.29 kWh/m? year which met an
acceptable CV RMSE value of 10.4%. The trend of the actual and simulated
energy consumption can be compared. There is a similarity in the energy
consumption trend of actual electricity consumption in Figure 5 and
simulated monthly energy consumption in Figure 8. Both charts show
peak electricity consumption in the hot summer month of April and low
consumption in the months of December, January, July, August, September
and November. Although no data shows the actual electricity consumption
associated with the cooling load, the simulated results show 35.6% (14.5
kWh/m? year) of electricity consumption of the case study to be due to
cooling.

The base model was optimized with two different passive design
strategies—Traditional building envelope (strategy 1) and thermal
insulation of modern building envelope (strategy 2) as shown in Tables 6
and 7. In strategy 1 the wall of the base model was replaced with 230 mm
thick sun-dried clay bricks and the roof was replaced with 350 mm thick
thatch roof. The result of the simulation shows a reduction in annual
energy consumption and cooling load by 20.4% (35.9 kWh/m? year) and
36.6% (9.2 kWh/m? year) respectively when compared to the base model.
Similarly, in strategy 2 the building envelope of the base model was
optimized with thermal insulation of varying thickness as seen in Table 6
and the result shows a reduction in annual energy consumption and
cooling load by 21.3% (35.5 kWh/m? year) and 47.6% (7.6 kWh/m? year)
respectively when compared to the results of the base model. The thermal
comfort analysis shows strategy 2 performing better when compared to
the base model and strategy 1 as 50% of the months achieved a PPD of less
than 15%. The use of strategy 2 as an approach to the design of residential
buildings in Nigeria can not only lead to energy savings associated with
cooling but can also cause a reduction in carbon dioxide emissions by
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23.2% and 28.4% when strategy 1 or 2 is used respectively and cost of
electricity savings by 20.4% and 25.7% when strategy 1 or 2 is adopted
respectively.

Additionally, the sensitivity analysis result shows the thermal
insulation in the modern building envelope (strategy 2) performed better
in all the criteria as they are located on the same axis, pointing towards
the decision stick. Strategy 2 also has the highest positive outranking flow,
lower negative outranking flow and highest net outranking flow. The
output from the GAIA plane shows that the Percentage of satisfied people
is not expressing similar preference with other criteria because the
criterion axis is longer and is not oriented in approximately the same
direction with other criteria and the red decision stick. The total annual
energy consumption, cooling load, CO; emissions and cost of electricity are
expressing similar preferences as they are aligned in the same axes and
towards the direction of the red decision stick. There is also a moderate
conflict among all the criteria because the red decision stick is pointed
towards the right as other criteria.

There is no doubt that the adoption of these passive design strategies in
the hot-dry climate of Nigeria will be important towards achieving a
comfortable indoor environment without relying on mechanical systems
for cooling.

CHALLENGES AND RECOMMENDATIONS FOR FURTHER STUDY

The following are challenges encountered during this research:

1. Lack of field measuring instruments to determine the actual weather
condition of the building under study for a full year.

2. Lack of an energy meter that records the electricity consumption of the
building when a diesel generator is used.

Given the above challenges encountered, the author recommends the
use of a measuring instrument to accurately calibrate the simulated
results with the measured results to record electricity consumption of
energy use in the building that is not from the national grid and also to
compare consumption patterns of different families.
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