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Abstract

7KH KRXVLQJ W\SRORJLHYVY WKDW ZHUH GHYHORSHG DV SDUW RI ¢
in use today as prototypes fow-income housing developments. The value of the local climate received

only cursory consideration in the early developmeasgghe process was mainly focused on the delivery

of units needed to accommodate those involved in the construction of tMocéyetailed records of

the climate have become available since the-18i@0s. Yet, despite the availability of such data and

the global interest in ecfriendly architecture, energy use per household has increased in Abuja over

the last two decades. Nigg is already struggling to meet its current energy demands; therefore, it is
important to examine whether improvements made to future housing design can assist in reducing their
energy use.

7KLY SDSHU HYDOXDWHV WKH SHUIR WBWBIWRYpeRand RRAMINESIthE EX M D
LPSDFW RI FKDQJLQJ WKHLU IHQHVWUDWLRQ GH&MmuwalonrRQ RFF X!
Assessing the performance of the buildings in their existing rete¢aled clear overheating problems

and excessive natural lighting. However, the investigation indicate% reduction in the frequency

of thermal discomfort and a&29% reduction in visual discomfort by adjusting the orientation of the

facades. Integring external shading components can also redneemal and visual discomfort by up

to 4% and 29%, respectively.

Keywords Thermal comfort, Visual comfort, Overheating, Passive solutions,ihowme housing,
Nigeria

1. Introduction

Nigeriahas thdargest population in Africa with oveB®& million people of which 47.8% live

in urban areas'he country has beeaxperiencingrelativelyhigh population growttandrate

of urbanisatiorestimatedn 2014at2.7% and 4.7% respective]y]. Due tosuchrapid rates

of urban population growth, conceroser the deficiency in the housinguality acrossthe
region andthe lack inhousingavailability to accommodate the urban residents have been
repeatedly reported ipreviousstudies[2], [3], [4]. 1L JH Uculefittiousing deficitwas
recentlyprojectedat overl7 million units[5]. Along with the ongoing housing shortage, there
is also limited access to electricity in the country, primarily a consequence of a rapid increase
in population without corresponding increase in the production of electriély§5% of the
existing householdsequivalent to over 90 million peopléack access to grid supply of
electricity and the supply to those connected to the grid is unreidbles a result, these of
backup power generators to mitigate poor ¢gpased supply has become increasingly common
in Nigeria over recent decades. A survey of over 1000 households located in8lagesdled

that between 692% of the examined sample use private bhgzgenerators frequently.



Like manyother countries in SuBaharan Africahe housing sector in Nigeria has been a main
contributor to the total energy use in buildifgk Over 57% of the electrical energy consumed

in Nigeria is useth housing 0], mainly in cooling and lightingAn investigation of electricity

use inresidentialunits in Gusau (North of Nigeriall] revealed that on averag@& of the
annual electrical energy consumed in the units was dedicated to running air conditioning
systemsand 1% for artificial lighting. Howeverin a studyon energy consumptiopatternof
dwellingsin Kaduna and Kano, (also North of Nigeria) the authors reported that on average
62.7% of the annual electrical energy consumed was used for lighting whité 2&$6 used

to run air conditioning systenmi$2]. Thesdindings suggest that the ability to minimise the use

of mechanical cooling and artificial lighting in providing the level of comfort desired by the
RFFXSDQWYV LQ 1LJHULDYV KleX%etaDehergy udeHn th&rggichH G X FLQJ W

Notwithstanding the aboyéhe contemporary architectural practice that emerged in the 1970s
has contributed to inefficient energy use in the housing sector (through the reliance on
mechanical solutionsindis still prevalent today. Over the years, this has led to increasing
demand for active energy through various devices for both cooling and lighgjng\ith such
dependency on artificial solutions and the rapid increase in population, some believe that the

energ consumption in Nigeria might become impossible to sustain in the futdjre [

6HYHUDO WHFKQLFDO VWXGLHY KDYH EHHQ XQGHUWDNHQ W
RI FRPIRUW LQ 1LJHULDTV KRXVLQJ DFUR\WVAGLEIheMEHQW FL
UHFHQWO\ LQYHVWLIJDWHG XUEDQ UHVLGHQWVNMtoS8HUFHSW
residential buildings in Abuja using occupant comfort survey and environmental monitoring.
Similarly, Adunola and Ajibola [16] examined the relationshipetween the quality of the
residential indoor thermal environment and the pattern of use of spaces among residents of
over 500 dwellings situated in different areas in Ibadan metropolis. In a follow up study
published in 204, Adunola[17] further reportedhe results of the thermal comfort survey of

the same sampl&he main objective of thiddgter phase ofevaluation was to examine the

indoor thermal experience of the residents in relation to the outside air temperature across the
various neighbourhoodsikewise, Akande and Adebamowo [18¢ported the findings of a

comfort field study of residential properties in Bauchi in northern Nig&keawolemiwa and

Gwilliam [19], onthe other hand, have explored lewergy angbassive cooling opportunities

to improve thermal comfort in lovncome residences in Lagos through the use of financially
affordable living walls (vertical green systems). As informative as these studies are, providing
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DQ LQVLIKW LQWR WKH WKHUPDO EHKD¥YhRaXféev @tudles) HULD 1"
examined the environmental performance of the residential architecture of Abuja, where one

RI WKH PRVW H[WHQVLYH SXEOLF KRXVLQJ GHYHORSPHQW

been implementef®0], [21]. In addition, most publations on comfort and the housing sector

in Nigeria tend to focus on the thermal aspect of the housing units, while little attention is given

to the visual aspect of the desigdf. the few published dayightt HODWHG VWXGLHV LQ
urban context andlimatic zone is a study by Atolagj€2]. The paper examinied UHVLGHQWV

satisfaction with natural light availability different house types across three residential zones

in Ogbomoso using questionnaire survey.

As improving the thermal performance of residential dwellings cpoklitively contribute to

the thermal residential environmemoviding an acceptable levedf daylight indoorsis

equally essential forimproving RFFXSDQWYVY YLVXDO F RtiehRUpAssivel HFW LY
design measures has long been proeehelp JUHDWO\ LQ LPSURYLQJ UHVLGH
comfort while reducing energy bills cd28], [24], [25], [26]. Yet, despite its tropical location

and the abundance of solar radiatadhyear roundittle is knownabout the effectiveness of

applying passive principles to residential buildimesign LQ 1LJHULDTV BRO.LPDWH ]
Hence, thigpaper assesses the performapédour) RI $EXMD TV F-REOMRIQuSNG Z

types and examines the impact changing their fenestration compdre@®n thermal

comfort and daylightingThe paperims at exploring whether the integration of passive design
principles that were not consideredlie early generation of housing schernett in the city

FDQ DVVLVW LQ LPSURYLQJ WKHLUhesampls 2ieced/ds &/bassV D W L R
for the evaluations among the early housingpologiesdevelopedy the governmerds part

of mass hasing schemesThe purpose of the investigation is to propose recommendations to
LPSURYH RFFXS hQwukeTpublik PobsldyVschemes for the lowome group

through thantegraton of lowenergypassive design methads

2. $SEXMDYV KRXVLQJ VHFWRU DQ RSSRUWXQLW\ IRU LPSUR)

The architectural landscape in many cities throughout Nigeria has changed since the 1970s,
largely dominated by mass housing production schemes implemented by the publi@&gctor

[28]. The oil beminthemid V ERRVWHG WKH FRXQWU\YfV HFRQRP\ DQC(
for the first time, participated actively in the provision of housing for all income groups. This

led to the housing sector becoming more involved inkeynprojects built on theremise that



energy was cheap aad a resulfiorm became more important than pmrhance in the building
design [3].

Abuja, the capital city of Nigeria, was also conceived in the 18iDs whenthe government
introducedhemost extensveSs XEOLF KRXVLQJ GHYHORSPHQW SURJUDPP
the early stage of development, the designers involved in the process were mainly focused on
providing the required quantity of dwellings to accommodate those involvedaarib&uction

of the city[29]. This is clearly reflected in the mast& O D Q V W Dhe arChidedttalCad 3
engineering aspects of housing are perhaps the least complicated or problematic aspects of
housing [30]. With this mindset, thousands of residential buildingsAibuja were originally

designed and eventually constructed without proper regard for the climatic context of the region

[31].

[Please insert Figure 1 here]
Figure. 1. Location of Abuja, Nigeria

Since the miel990s more records of the climationditions have become available as the city

has become one of the largest urban areas in Nigeria. However, despite the availability of such
records and the global interest in climate conscious architecture, the prototypesifardowe
housing in the sci PHVY WKDW ZHUH GHYHORSHG DV SDUW RI $EXMEL
are still in use today as a blueprint for housing developni@is Thus, the homogeneous

nature of public housing design has partially negated the possibility of improvementdstowar

more energy efficient dwellings. Nevertheless, only about half the area allocated for residential
building construction in the city is fully developed (Figure 2). With the government seeking to
complete the remaining phases of development, there ial @pportunity to influence the
architectural practice in the city by examining the performance of this early generation of

housing which is still in useday, providingguidelines for future development.

[Please insert Figure 2 here]
Figure. 2. lllustation of the developed area of Abuja (highlightedeid) on the master plan drawing
2.1. Location and climate of Abuja

/IRFDWHG LQ WKH FHQWUDO UHJLRQ RI 1LJHULD DW ODWLW

tropical Savannah climateghere two pronounceseasons prevaihamely the dry season and



the rainy season. The dry season starts in November and ends in April, while the rainy season
occurs from May to October.

The dry season is characterised by very little cloud cover and ensatar radiation (5:9
6.3kWh/nt/day), as a result daytime temperatures can be as high as 37°C. During the rainy
season the combination of solar radiation ®t&@ kWh/nf/day) and the humidity of the air

mass forms dense clouds and leads to the occurcérioerential rain, which has a cooling

effect. Nevertheless, daytime temperatures can still rise above 29°@33]. The findings

reported in this paper focused on the dry season because of the relatively high temperatures
that occur during thistm® | \HDU LQ $EXMD DQG WKH QHJDWLYH HIIHFW

2.2 Case study buildings

Four case study buildings situated in three districts of Abuja (Wuse I, Garki Il, Gaduwa) were
selected for the evaluation (Figures 3 andT4p first building(B1) is a twebedroom block

of flats in Wuse | constructed in 1983. The second building (B2) is a ruisedletached
duplex in Garki Il that was built in 1995. The third case study building (B3) is astvesy
building in Gaduwa, constructed in 2003ttkansists of six threbedroom flats. The fourth
building (B4) is part of the same housing development project as B3 in Gaduwa. It was initially
designed as a fotredroom house, but was later converted into a rdulélling residential
building with shaed facilities. Apart from B2, the other three buildings are prototypes that
have been reproduced multiple times as part of government housing schemes in Abuja. As a
result, collectively the selected dwellings have geometric characteristics and buildanigisat

that are comparable to over 450 other dwellings in the chosen neighbourhoods.

A room from each case study building (the living rooms in B1 and B3, and the bedrooms in B2
and B4) was selected as a basis for the evaluation. The overall layout ametrgeaf each

room as well as information on the total floor area, dimensions of the openings, orientation and

shading componentd any) are shown in Figure 4.

[Please insert Figure 3 here]
Figure. 3. Satellite photograph of Abuja, with selected neighimods outlined imed and districts
outlined inorange

[Please insert Figure 4 here]
Figure. 4. IESVE models and floor plans of case study buildings with the rooms selected for evaluation
highlighted inred



3. Methodology

The building modellingoftware Integrated Environmental Simulation ({#E) [34] was used

to examine the performance of the case study buildings during the dry season (November to
April). For each case a 3D digital model was constructed based on the actual building form and
information on building materials collected during the fiabdkv The simulation was sep

for full-time occupancy with the maximum dwelling occupancy rate specified by the Nigerian
government 35]. It was assumed that occupants will always take effective steps to improve
the indoor conditions. Hence, during thenslations the windows are opened if the indoor
operative temperature exceeds the acceptable limits for comfort and the outdbaoibdry

temperature is below the indoor operative temperature.

3.1Validation

Case study building 4 was emgai/the time the fielwork was carried oulue to renovation

and thus it was chosen for the simulation model validation since there was no problem of
occupants interfering with logging devicdhe validation was implemented by statistically
comparing the air temperaturesdailuminance levels recorded in the bedroom with the
simulated values. Two monitoring programmes were planned and executed; one during the
rainy season between June 1st and June 30th and the second during the dry season between
December 1st and Decembersg 2015However, being under renovation meant that some
additional adjustments needed to be applied to the 3D digital model of the building/room as
both the glazing and window frames were removed from the external openings in the model to

reflect the atwal situation (see Figure 5_ right image).

The procedual method adopted in performing thesitu monitoring carried out over the dry
season is explained below.

The room wasnonitored ina passivemode where electrical appliances were switched off
during the monitoring period. Temperature and illuminance readings were logged hourly using
5 HOBO pendant temperature and light data loggers located at a height of 1.6m and 0.75m
(Figure 5__ left & middle)An additional data logger was placed outside the room in the shaded
porch area to record the external air temperature. llluminance readings were also recorded

outside at a point with minimal physical obstructions.

[Please insert Figure 5 here]



Figure.5. Position of temperature (left) and illuminance data loggers (middle) in the test room

In addition, the area of the wall, floor and ceiling surfaces were divided into different asnes
illustrated in Figure pto establish their reflection properti@ghich again was made possible
because of the construction works). A luminance meter and illuminance meter were then used
to measure the luminance (L) and illuminance (E) of a point within each Zbeevalues
collected at each surface were subsequersityl to calculate the average reflectance of these
areas using the following equatio36]:

Equation 1. '=(L/E)x &
Where:
I = Reflectancé%)

L = Luminance(candela per square mefel/m2)
E = llluminance(lux)

The reflectance valuaslculated for the internal walls, floor and ceiling in the test room were
90%, 36% and 89% respectively. These values were then applied to the simulation tool and a
correlation analysis was subsequently conducted between the simulation and the retarded da
XVLQJ SHDUVRQYY FRUUHODWLRQ FRHIILFLHQW

[Please insert Figure 6 here]
Figure. 6. lllustration of the different reflectance zones on the walls and floor of B4

The results indicated a significant positive correlation between the values for air temgera

in the test room anthe external temperatur®ver the three weeks examinéue correlation
between the measured and simulated internal air temperature ranged between 0.9625 and
0.9521. Similarly, the correlation between the measured and simulated external air temperature
ranged between 0.9557 and 0.9316. Furthermore, the avamrage calculated between the

two values were only between 5% and 9% (Figures 7 and 8), confirming the accuracy of the
software in predicting the thermal environment. However, the accuracy of the predictions is

dependent on the accuracy of the weatheraailable for the location.

[Please insert Figure 7 here]
Figure. 7. Measured and simulated internal air temperature in the test room in B4

[Please insert Figure 8 here]
Figure. 8. Measured and simulated external air temperature in the test room in B4



The correlation between the measured and simulated internal illuminance levels was also
significant at the reference points ranging between 0.9981 and 0.9025. Yet, the highest average
relative error was 32% during the first week of December, and trestaxalue was 28% during

the second week. As shown in Figure 9 there is consistent similarity in the pattern of
daylighting in the room, nevertheless, the maximum levels of illuminance measured were about
1000lux above the simulated illuminance levels, dbout 20% of the time over the days
examined.

It was observed that sky conditions in Abuja remained constantly clear and sunny throughout
the measurement period in December, yet the results showed notable differences between the
maximum measured illuminaa values and the maximum values predicted by IES Radiance.
The external illuminance level and sky luminance were measured on the site of B4 at 1 pm on
December 15th, using the illuminance and luminance meters.

The actual illuminance and luminance valuesorded at site were around 82klux and
250900cd/m, respectively, while the maximum external illuminance levels predicted by
Radiance using sunny sky conditions were only about 73klux on each day during the examined
period.

[Please insert Figure 9 here]
Figure. 9. Measured and simulated internal illuminance levels at point 4 in the test room in B4

,Q SEXMDYV VXQQ\ VN\ FR @nifisabhtarg ¢ould be misiddding. Hehdé a
correction factor was used to recalculate the average illuminance levels in the tegshthem

1st and 15th of December. The corrected values were calculated using an equation adapted
from a previous study carried out [86]:

Equation 2. CS = (Sv x CF) + Sv
Where;
CS = corrected simulation
Sv = simulated value
CF =the average value of the relative error/ correction factor

Comparing the corrected simulations with the measurement values showed a minimum relative
errorof 11% and a maximum error of 15%hese values are in agreement with those reported

by Kim and Chund37], and Al-Maiyah and Elkad[38] and much lower than the average
errors reportedby Mantzouratos et a[39]. The validation process presented above was also
used in establishing the discrepancy between the measured and simulated daylight levels during
the rainy season (June 1st to June 30th). The correction factor representative of each season

wasthen used tamend the values simulated in the selected cases (see Figure 10).



[Please insert Figure 10 here]
Figure. 10. Measured, simulated and corrected results for test room on Decerfiber 15

3.2Evaluation criteria

The 2003 national energy policy of Niger#&0[ proposes the development of building codes
to encourage designers to adapt their buildings to the local climate in order to reduce energy
consumption. However, neither the national energy policy nor the national building code
published in 2006, provide gielines specifically for Nigeria on thermal comfort that can assist
designers in improving the environmental performance of their sche3bgs[40], [41].
Therefore, the ASHRAE standard-20610 adaptive model for thermal comfort in naturally
ventilated biudings [42], which is applicable in tropical region&d], was used to define the
thermal comfort requirements in this study. The model is primarily based on the correlation
between the operative temperature and the running mean outdoor temperaturedr@asur
no less than 7 days before the day in question. The upgesdiid lower (Tinde) limits of the
temperature range acceptable for 80% of occupants in the case study buildings are determined
using the following equationg?]:

(1) Upper 80% acgetability limit (°C) = 0.31x pma+21.3

(2) Lower 80% acceptability limit (°C) = 0.31%fa+14.3

Where, Tmais the prevailing mean outdoor air temperature which is the arithmetic mean of all mean daily outdoor
air temperatures for 14 sequential dpyisr to the day in question.

An example of theacceptable indoor operative temperature limits along with hours of thermal
discomfort calculated in B1 on the 15th day of each month in the dry season is shown in Table
1. The table shows the predicted me@Rmea), Maximum (bmay and minimum (Tmin)
operative temperatures in B1, in relation to the upper and lower limits of the acceptable

temperature range for the 15th day of each month.

Table. 1. Acceptability limitkor indoor operative temperatureand hours of thermal discomfort in B1
during the dry season (note: the valueghlightedin red are the highest calculated on the examined
days)

Acceptability limits Bl

Tovr Tunr Tomn Tomax Tomin HTD
NOV | 29.6 22.6 |29.5]333]26.9]| 10
DEC| 293 223 |30.1] 346|266 13
JAN | 296 22.6 |30.8] 352|279 13
FEB | 305 235 |[32.1]355]29.4]| 15
MAR | 31.1 24.1 [EEIIEE AR
APR | 30.6 23.6 |32.3] 357299 20
1RWH DOO YDOXHV H[FHSW +7




The models for assessing visual comfort are less standardised than that of thermal comfort. An
approach similar to Sicurellet alfV P HW3XIR &lapted in this study for evaluating the
Frequency of Visual Comfort (FVC), in which illuminance valaesoss the working plane are
predicted using grid points 0.5m apart. The upper limipfeferred daylight illuminancesed

is 500 lux and the lower limit is 100 lux. These limits were established based on the
llluminating Engineering Society of North Amea (IESNA) lighting handbook 4¢].
However, it is important to note that the upper limits of acceptability can be adjusted to a higher
value depending on the actual use and type of activities taking place in a particular room. The
conditions in the livig/bedrooms in the selected dwellings were investigated for the 15th day
of each month in terms of tloperative temperatureheaverage illuminanceandthe number

of hourswhen the operative temperature/ illuminance vesiew the lower limit or above ¢h

upper limit of the acceptability

Hours of visual discomfort calculated for example in B1 on the 15th day of each month in the
dry season are shown in Talle The table shows the meanndn) maximum (Enax), and
minimum (Emin) illuminance levels pdicted across the working plane in the room, as well as

the calculated hours of visual discomfort (HVD) on the 15th of each month.

Table. 2. The mean, maximum, minimum illuminance levels and hours of visual discomfort in B1 on the
15 day of each montturing the dry seasgmentioned red highlighted values]

Acceptability limits Bl

Eovr Eunr Eimn Eimax | Eimin HVD
NOV 500 100 3219| 5300 | 340 10
DEC | 500 Ol 4320 7204 468 11
JAN 500 100 3826 | 6328 | 421 10
FEB 50 100 1926 | 3062 | 263 10
MAR 500 100 561 | 812 | 194 8
APR 500 100 445 | 772 | 189 3

Note: all values except HVD (hours) in Lux

4. Thermal performance analysis

The predicted hourly outdoor and indoor temperatures as well as the hourly levels of solar gain
received in the rooms on the days assessed are illustrated in FigleesTiEk results showed

that the room in B1 will be thermally uncomfortable for an ageraf over 15 hours a day
(Table 1). On March 15th, when the outdoor-tofb temperature in Abuja is at its peak, the
maximum operative temperature in the room could be as high as 36.6°C exceeding the
acceptable range by 5.5°C and causing 21 hours ah#heliscomfort. A similar trend is seen
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on April 15th. The amount of solar radiation the room receives could exceed 1kW on midday
due to the southern orientation of the large window area ¢3aml the lack of shading. Such

high level of solar gain is theause of overheating over the first four months of the dry season
(Figure 11). On the other hand, the higher altitude angles of the s@9{y8uring March and

April, leads to the ground and air above the ground being intensely heated as less sunlight i
being dissipated by the atmosphere. Tllespite the reduction in the levels of solar gain, the
high outdoor temperatures around this period are mainly responsible for the high level of
thermal discomfort predicted in the room towards the end of tiseise@iven that the outdoor
temperature can be as low as 19°C during the early mornings, it would be beneficial to adopt a

better night time cooling approach during this time of the year.

[Please insert Figure 11 here]
Figure. 11. The level of solar gaithe operative, mean radiant and air temperatures in Bl in
comparison to the outdoor diyulb temperatures on the 15th of each month in the dry season

It is anticipated that the room in B2 will also be thermally uncomfortable for more than half of
the ime assessed. Yet, in comparison to the first case, there are on average two fewer hours of
thermal discomfort calculated for the room in B2, including March 15th when the maximum
operative temperature is also 1°C lower. The relatively lower frequenbgmnal discomfort

in this case can be attributed to the lower levels of solar radiation reaching the room (Figure
12) as compared to the B1 case. The room in B2 has a smaller total window aréptt@6m

the room in B1 (3.8A), thus it receives less sigtit even though one of the windows faces
south. Also, the floor area of the room in B2 ®s much smaller than the B1 case (2Lm
hence the room in B2 has a larger window to floor area ratio. During the last two months of the
dry season the cooling layoss ventilation (especially in the morning), which is made possible

by the size, the position of the openings and the compact form of the room (Figure 4), seems

to be advantageous for limiting thermal discomfort.

[Please insert Figure 12 here]
Figure. 12. The level of solar gain, the operative, mean radiant and air temperatures in B2 in
comparison to the outdoor diyulb temperatures on the 15th of each month in the dry season

According to the results, the room in B3 will be thermally uncomfortablarioaverage of
over 21 hours on the days assessed. On March 15th the maximum operative temperature in the
room is 1°C lower than that of the room in B1 and the same as the B2 case, yet the room is

expected to be thermally uncomfortable throughout the wtiaje A similar trend is also

11



predicted for Januarysthand April 15th. As shown in Figure 4, both external facades in the
room in B3 are shaded by balconies that are over 1.3m deep, thus the amount of solar radiation
received through the windows is muolwer (Figure 13) than the amount received by the other
two rooms. The average hourly levels of solar gain in the arefrelow 0.25kW as compared

to 0.55kW in B1 and 0.33kW in B2. However, the room is 9.5m deep and the total openable
window area is leshiin 5% of the total floor area, hence the cross ventilation is inadequate for
achieving cooling in the room. This can be particularly problematic during the last half of the
dry season when more cross ventilation is required to ceaatéhe overheatingffect of the

outdoor air temperature.

[Please insert Figure 13 here]
Figure. 13. The level of solar gain, the operative, mean radiant and air temperatures in B3 in
comparison to the outdoor diyulb temperatures on the 15th of each month in theeagon

The results also indicated that the room in B4 will be thermally uncomfortable for an average
of 17 hours during the examined season. Similar to the B3 case the room is thermally
uncomfortable throughout March and April with a maximum operativpégature exceeding

the acceptable range by 5°C. Due to the easterly orientation of the main window area and in
the absence of shading, the hourly levels of solar gain in the aoeover 1.5 kW in the

morning, causing thprediction ofhigh frequency othermal discomfort.

Overall the results indicated that the rooms in B1 and B2 are thermally uncomfortable for 64%
and 56% of the period assessed, while the rooms in B3 and B4 are thermally uncomfortable for
88% and 72% of the same period. With the exoepdf the third case and the lack of sufficient
ventilation (see discussion above), these figures suggested that occupants of the rooms are
likely to experience constant levels of discomfort due to overheating caused by high amounts

of direct solar gainrad radiation for half of the year.

[Please insert Figure 14 here]
Figure. 14. The level of solar gain, the operative, mean radiant and air temperatures in B4 in
comparison to the outdoor diyulb temperatures on the 15th of each month in the dry season

5. Visual performance analysis

Values of daylight illuminance predicted in the rooms on the 15th day of each month in the dry
season are illustrated in Figures1& Apart from April 15th, the results showed that the room

in B1 will be visually uncomfortalel for over 8 hours on all the days assessed (Table 2). On

12



December 15th the maximum average illuminance level predicted across the room is over
7200lux adding another 3 hours of visual discomfort. This additional increase in the level of
discomfort is theesult of the southerly orientation of the main window area and the low angle

of the sun (57°) around midday on December 15th (Figure 15). On all the days assessed the
illuminance level in the room is consistently above 1000lux around midday (Figureel9), y
the level of illuminance predicted in the half of the room further away from the main window
remains between 16800lux all day long. Such contrast betwethe distribution of
illuminance at the front and the rear can cause the occupants to perceairgathirther away

from the window as insufficiently dait. Hence, despite the high levels of daylight
illuminance in the room, the occupants might still be inclined to waste energy to run artificial

lighting.

[Please insert Figure 15 here]
Figure. 15 The average daylight illuminance levels in B1 on the 15th of each month in the dry season

Because of its compact configuration and the relatively larger fenestration ratio (as explained
above) the visual performance of the room in B2 is more problematic than the first case. Based
on the results, the room will be visually uncomfortable duringtmbthe daytime hours (11

hours of discomfort) during the first four months of the dry season. Only 3 fewer hours of
visual discomfort are predicted on April 15th (due to the change in the altitude angle of the sun
at the end of the season) and as withgrevious case December 15th produces the maximum
illuminance level received in the room (7280lux). The high amount of sunlight received in the
room all day long is a result of the position of unshaded windows on the southern and western
facade. The levs of illuminance in the room are greater when the sun is at a low angle in the
west around sunset (Figure 16). Whereas the occupants in the room are likely to experience
discomfort due to such high illuminance levels, especially around sunset, this easilge
adjusted with the use afffordablesimple internal shading devices. However, the addition of
solar shading which is usually more expensive, such as shutters, orrésugould be an
attractive option here not only to limit the amountsohlightin the afternoon, but also to

improve the thermal environment in the room.

[Please insert Figure 16 here]
Figure. 16. The average daylight illuminance in B2 on the 15th of each month in the dry season
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Unlike the other two rooms, the room in B3 will be visually uncomfortable for an average of

about 3 hours on the days assessed (Figure 17). Although the highest illuminance level
predicted (964lux) occurs on December 15th, the highest frequency of visc@nébrt (5

hours) occurs on January 15th. Nevertheless, these values are much lower than those predicted
for the previous two cases. In fact, unlike the previous cas2$iolrs of visual discomfort

predicted in the room are due to insufficient illunmipa levels (Figure 17). As with the thermal
FRQGLWLRQV WKH URRPYV GHSWK ZLQGRZ VL]HV DQG VI
available indoordOnly the areas by the window receive sufficient lighting even around midday
(Figure 19) This suggests thtY HYHQ ZKHQ WKHUH LV DPSOH GD\OLJK

occupants might require artificial lighting to carry out basic daily visual tasks.

[Please insert Figure 17 here]
Figure. 17. The average daylight illuminance levels in B3 on the 15th ofeaath in the dry season

Of the four cases examined, the room in B4 provides an interesting clear illustration of the
impact of orientation on the quality of daylight indoors. According to Figure 18 there is a
constant variation in the illuminance levetdseived in the room throughout the course of each

of the examined days. On all the days assessed, the difference in the average illuminance levels
received in the first half of the day, and those received in the afternoon hours is over 5500 lux.
Whereastie high amount of sunlight received in the room from the early morning until around
midday is the results of the norlasterly and soutbasterly orientation of its windows, the
VXQTY PRYHPHQW WRZDUGV WKH VRXWK D Qr6thétldrointLQ WKH
of radiation received indoors. Therefore, the average 6 to 7 hours of visual discomfort predicted
on the examined days occur in the morning. Since the internal visual conditions in the room
are constantly uncomfortable in the early part efdlay but well within the acceptable range

in the afternoon hours, a combination of fixed external rigid screen(s) on theesstghn
orientation and movable internal shading devices seems necessary here to limit the unwanted
direct radiation in the monmg while allowing the occupants to adjust the diffuse radiation in

the afternoon.

[Please insert Figure 18 here]
Figure. 18.The average daylight illuminance levels in B4 on the 15th of each month in the dry season

[Please insert Figure 19 here]
Figure.19. Images of illuminance levels on working plane in the four rooms at 1 pm on the 15th of each
month in the dry season
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Overall the results suggested that the rooms in B1 and B2 are visually uncomfortable for about
72% and 86% of the period assessedlenthe rooms in B3 and B4 are visually uncomfortable

for 3% and 54% respectively. Once again, and with the exception of the room in B3, the
occupants of these rooms are likely to experience high levels of discomfort due to high
illuminance. As expectedhe¢ more solar radiation reaching the main window areas, the higher

the frequency of visual discomfort. Yet shading devices are not well utilised in most of the
KRXVLQJ W\SHV LQ $EXMD )LJXUH VKRZV H[DPSOHV RI U}
discomfort in their dwellings by either retrofitting simple shading elements over the windows

or replacing the original glazing with tinted glass to reduce the visual transmittance of the
windows by reflecting sunlight.

[Please insert Figure 20 here]
Figure. 20. Residential buildings in Abuja with improvised-egate shading, retrofitted overhangs
and reflective glazing (2014)

6. Analysis of impact of parametric variables

Evaluating the performance of the case studies in their current state has identified several
design variables that could potentially improve the quality of the internal environment in
$EXMDYV KRXVHV )XUWKHU DQDO\VLV Zibtsn& Ddoditiohs@f R XW W |

the room in B4 can be improved by adjusting its orientation and shading the windows.

6.1 Orientation

In the simulation tests for orientatioaportedin this section, the main window wall in the

room in B4 was orientated north. Theg@s of rotation for the buildingeresubsequently re
FDOLEUDWHG DW U LQFUHPHQWY FORFNZLVH XQWLO D IXC
DQG U UHSUHVHQW QRUWK HDVW VRXWK DQG ZHVW UHV

[Please insert Figure 21 here]
Figure. 21. (a_left) Alternative orientations simulated for the room in B4, (b_righpact of
orientation on the average FTD and FVD in the room in B4 during the dry season

Figure 21(b) illustrates the impact of the varying orientations on the frequency of thermal
discomfort in the room. The results suggested that the room in B4 will have the lowest average

)7 GXULQJ WKH GU\ VHDVRQ LI WK oddrtatediWwesP(BrDQP ZLQGHF
or northwest (315°). Less solar radiation will reach the room with these two orientations
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reducing the frequency of thermal discomfort estimated. Similarly, adjusting the main facade
to the southwest leads to the second lowestiage FTD (55.6%). On the contrary, orientating

the room soutfeast (135°) and east (90°) will lead to the highest average FTD (59.7%), due to
the increase in the level of solar radiation received indihwogighout the dayThe average

hourly level of sadr gain in the room is almost doubled to 0.59kW after changing the
orientation from west to east. On average the results showed that adjusting the room orientation
can result in 6.6% reduction in the frequency of thermal discomfort during the warmedt perio
of the year.

Similarly, Figure 21(b) shows that over the days assessed during the dry season, the room in
B4 will have the lowest average FVD (25%) when the room is orientated-westh
Considering the above figures, these results suggested thQ WiBPWLQJ WKH URRPTYV
window wall area nortlwest is likely to improve the thermal, as well as the visual performance

of the room. Also, as with the thermal performance, orientating the roomaasitmcreases

the average FVD to 91.7%. Such highgitency value of discomfort occurs due to the
multilateral fenestration design of the room with the main window facing seag and the
window on theadjacent side facing souttest. Thus, a high amount of direct sunlight reaches

the room in the morningna afternoon on the days assesdadaddition, the results also
suggested thabrientaing the roomnorth-west could enhancethe quality of the visual
environment by improving daylight distribution indoors The uniformity ratio,
representinghe minimumto theaveragelluminance indicated a more even distribution of
daylightfor 20 additional hours during the dry season if the room faces-weshas opposed

to the soutkeast.

6.2 Shading perfamance analysis

Rigid window shading elements, including fins, overhangs ane&cedgs are among the main
features in Nigerian contemporary architectwt@ch emerged in the mitiventieth century

known as tropical or Africaimodernism 45]. However, as stated before,tesnal fixed

shading elements, which are essential for limiting the amount of solar radiation indoors, are
not common in most of the housing porotypes surveyed in the city. As exemplified in B3, the
appropriate configuration and size required for thegesyf shading elements to be effective
thermally as well as visually ought to be considered. The room in B4 was therefore utilised to
examine the impact of window shading. The geometry of the composite shading devices tested,
which was partially based o HVLGHQWVY UHVSRQVH LOOXVWUDWHG
overhang above the window and fins on either side of the window as shown in Figure 22.
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[Please insert Figure 22 here]
Figure. 22. lllustration of the existing facade design, as wedllsnative designs with three different
window shading sizes

[Please insert Figure 23 here]
Figure. 23. Impact of window shading on the average FTD and FVD in the room in B4 during the dry
season

The results showed that during the dry seasorpridicted FTD in the room is about 1%, 3%

and 4% lower (approximately 156 hours), with the 0.3m (S1), 0.6m (S2), and 0.9m (S3) shading
projectionsrespectively As shown in Figure 23, strong negative correlations between the
shading depth and the FTD (R-&9978, p = 0.0022) were founddicating that increasing

the shading projection reduces the frequency of thermal discomfort. Despite theasbraimd
southeast orientation of the window walls in the room, the shading elements sufficiently limit
the anount of solar radiation reaching the room in the morning. The average hourly levels of
solar gain on the days assessed during the dry season is 0.34kW lower in the room with S3.
Furthermore, the predicted operative temperatures in the room with theadfisi3 are 0.5°C

to 0.8°C lower comparet the base case (the room without shading).

Similarly, the addition of shading or screening elements S1, S2 and S3 reduced the average
FVD in the room by about 14%, 19% and 29%, as compared to the base cassnteny

about one to three fewer hours of visual discomfort on the days assessed. Moreover, the
uniformity ratio of natural light distribution in the room with S3 is above 0.3 for 84% of the
time assessed, as opposite to 22% of the time without shadiege Tindings, and those
obtained from the thermal analysis indicate that the presence of S3 is the most beneficial for
reducing the frequency of thermal discomfort, as well as improving the quality of daylighting

in the room. However, given that the thafrperformance of S2 and S3 are similar and S3 is
slightly more effective than S2 in improving the quality of the visual environment indoors
(Figure 23), it seems sensible to say that S2 is the mostftestive option of the three types

examined.

Conclusions

Providing quality homes for low income groups is one of the key challenges facing Abuja
WRGD\ +RXVLQJ KDV EHHQ DPRQJ WKH WRS SULRULWLHYV RI
mass production over the recent decades has negativeledfteetquality of the dwellings in

the city. The fact that residents living in houses constructed a few decades ago have resorted to
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retrofit with shading devices, tinted glass, andcainditioning units suggests that there is a

need to rethink the desigr future housing rather than-using what is already proven to be
problematic. Another challenge facing Abuja today is its poor energy supply. Housing is
already responsible for over half of all energy use in Nigeria and with the current increase in
population PHHWLQJ RFFXSDQWVY QHHGY PD\ EHFRPH HYHQ PRL
these problems, there is a unique opportunity for Abuja to improve the standard of its housing
development given that only about half of the original development schasbeen fully
implemented.

The work reported here attempted to evaluate the environmental performance of four of
$EXMDYV FRPPRQ KRXVLQJ W\SHV DQG H[DPLQH RSSRUWXC
comfort by optimising orientation and solar shading.

All of the rooms are expected to be thermally uncomfortable for more than half of the period
assessed. The level of discomfort in the rooms can be attributed to a number of factors
including, orientation, inadequate window sizing for cross ventilationaaladk of shading

elements to limit overheating. Similarly, all th@oms with the exception of one are expected

to experience several hours of high illuminance levels because of the exposure of openings to
direct sunlight. The frequency of visual discomfort across the rooms examined ranged between

3 % and 86%.

Examinng the effects of orientation and window shading on the level of dis/comfort in one of

the studied rooms suggested the following:

X A 5% reduction in the frequency of thermal discomfort is possible by changing the
URRPYV RULHQW-baat toRm@iwesR P QRU WK

X Changing the orientation of the roomsimuthwest could provide 4% reduction in the
frequency of visual discomfqrhoweverorientingit north-westcould yield a29 %
reduction

x The use of shading components can help reduce the frequency of thermal discomfort
by up to 4% andisual discomfort by 29%.

Since orientating a building is mainly a design decision and has no finanpialations on

the occupants, eartjesignchoicesmadewith regardgo building orientation and performance

ought to be considered in future housing developmeht® current increase in the
development of gated residential estates in the cityohasagain VKLIWHG GHVLJQHUV!
toward organising dwellings in ways that make optimum use of the land within therattate

than investing inenvironmental improvement measurés line with the above findings,

designers should be encouraged to congdltetayout of spaces within dwellings to limit the

amount of solar radiation reaching the rooms that are frequently occésed.given the
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shortagenf housing supplyn the region moranalysis is needed to examine the possibility of
maximizing the usef land while improving the quality of the housing indoors by optimizing

passive mode options.

Although thefocusof this paper is not directly relatéal the financiabenefits associated with
effective utilisation of passive measures, the reader may find information concerning potential
saving from adaptingsuch approaches informativés of 2017 the cost of 1kilowatt hour of
electricity for residentigbroperties iMAbujaranges betweel24.30MN47.90 §6].The energy
consumption of aiconditioning units commady used in $ E X MIdd]IMgs wasestimated in
2007at 0.078KV to 0.16RN per hour #7]. Thus the cost of using one air conditioningit for

an hour is abous2-8. If the use of a shading element can help reduce the hours of thermal
discomfort in a room during th@armestperiod in the dy by nearly 13 days (156 hout&/
hourscoolinga day) thereby negating the use of an@nditioning unit can potentiallyave

up toN1,793.In addition,the initial cost of an aiconditioning unit in Nigerizould be as high
asN205 00Q whilea concrete fixed shading element with vertical and horizontal components
around a 1.2m x 1.2m windowould be built for less thalk10000. Thuptimisingshading

to reduce the numbemnd the frequency of usirgjr-conditioning unitsin a household can
contributeto aconsiderabl@mount of savings over tim@®nce again, more analysis is needed

to quantifythe impact of using differe'?? KDGLQJ IRUPV RQ ERWK RFFXSDQWYV

use.

On a more technical note, a Typical Meteorological Year (TMY) weather data fror22008

for Abuja was compiled and utilised in performing the modelling reported in this paper. In
some instanceshe weather file does not accurately represent the twonsliobserved during

the fieldwvork, due to the lack of recorded data. The need for a more accurate metrological data
is an important point to be considered in future research work concerning ¢ppdatiormance

in Nigeria.
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Figures and Captions
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Figure. 1. Location of Abuja, Nigeria

Figure. 2. lllustration of the developed area of Abuja (highlighteekif) on the master plan drawing
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Figure. 3. Satellite photograph of Abuja, with selected neighbourhoods outlimed and districts
outlined inorange
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Figure. 4. IESVE models and floor plans of case study buildings with the rooms selected for evaluation
highlighted inred
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Figure. 5. Position of temperature (leftihd illuminance data loggersniddle in the test room

Figure. 6. lllustration of the different reflectance zones on the walls and floor of B4
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Figure. 7. Measured and simulated internal air temperatare test room in B4

Figure. 8. Measured and simulated external air temperature in the test room in B4
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Figure. 9. Measured and simulated internal illuminance levels at point 4 in the testrrd&ym

Figure. 10. Measured, simulated and corrected results for test ronr@ecember 1%
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Figure. 11. The level of solar gain, the operative, mean radiant and air temperatures in B1 in
comparison to theutdoor drybulb temperatures on the 15th of each month in the dry season

Figure. 12. The level of solar gain, the operative, mean radiant and air temperatures in B2 in
comparison to the outdoor diyulb temperatures on the 15thed#ch month in the dry season
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Figure. 13. The level of solar gain, the operative, mean radiant and air temperatures in B3 in
comparison to the outdoor diyulb temperatures on the 15th of each month in the dry season

Figure. 14. The level of solar gain, the operative, mean radiant and air temperatures in B4 in
comparison to the outdoor diyulb temperatures on the 15th of each month in the dry season
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Figure. 15. The averagelaylight illuminance levels in B1 on the 15th of each month in the dry season

Figure.16. The average daylight illuminance in B2 on the 15th of each month in the dry season
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Figure. 17. The averagdaylight illuminance levels in B3 on the 15th of each month in the dry season

Figure. 18. The average daylight illuminance levels in B4 on the 15th of each month in the dry season
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Figure. 19. Images of illuminance levels on working plane in the four rooms at 1 pm on the 15th of each
month in the dry season
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Figure. 20. Residential buildings in Abuja with improvised eggte shading, retrofitted overhangs
and reflective glazing (2014)

Figure. 21. (a_left) Alternative orientatios simulated for the room in B4, (b_righthpact of
orientation on the average FTD and FVD in the room in B4 during the dry season
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Figure. 2. lllustration of the existing fagade design, as well as alternative designs with three different
window shading sizes

Figure. 3. Impact of window shading on the average FTD and FVD in the room in B4 during the dry
season
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