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Abstract: Reducing the lifecycle energy use of buildings with renewable energy applications has
become critical given the urgent need to decarbonize the building sector. Multi-objective optimiza-
tions have been widely applied to reduce the operational energy use of buildings, but limited stud-
ies concern the embodied or whole lifecycle energy use. Consequently, there are issues such as sub-
optimal design solutions and unclear correlation between embodied and operational energy in the
current building energy assessment. To address these gaps, this study integrates a multi-objective
optimization method with building energy simulation and lifecycle assessment (LCA) to explore
the optimal configuration of different building envelopes from a lifecycle perspective. Major contri-
butions of the study include the integrated optimization which reflects the dynamics of the whole
lifecycle energy use. Insights from the study reveal the optimal configuration of PV and composite
building facades for different regions in sub-Saharan Africa. The lifecycle energy use for the opti-
mized building design resulted in 24.59, 33.33, and 36.93% energy savings in Ghana, Burkina Faso,
and Nigeria, respectively. Additionally, PV power generation can efficiently cover over 90% of the
total building energy demand. This study provides valuable insights for building designers in sub-
Saharan Africa and similar areas that minimize lifecycle energy demand.

Keywords: lifecycle assessment; multi-objective optimization; embodied energy; operational
energy

1. Introduction
1.1. Study Background

The increasing consumption of natural resources and primary energy and its accom-
panying greenhouse gas (GHG) emissions is considered a threat to environmental sus-
tainability [1]. It is widely recognized that the building sector is a major culprit of materi-
als and energy consumption and therefore possess huge potentials to reduce global emis-
sions through energy efficiency improvement and renewable energy applications [2—4].
Particularly, the building sector consumes about 30% of primary energy globally and 40%
in Europe and the United States with an equivalent share of GHG emitted [5,6]. In 2014,
the Paris Agreement sought a global effort to reduce global warming to 1.5 degrees Cel-
sius, compared to pre-industrial levels [7]. Participating countries were required to submit
nationally determined contributions and long-term low greenhouse gas emission devel-
opment strategies in 2020. For instance, the European Union has set goals to increase en-
ergy efficiency to at least 32.5% and the share of renewable energy by at least 32% by 2030
[8]. In Asia, Hong Kong has also set an ambitious carbon reduction of 26 to 36% by 2030
using 2005 as the baseline [9]. These targets have expedited the exploitation of energy-
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efficient building design and technologies in such developed countries. However, it is not
prevalent in developing countries such as those in sub-Saharan Africa.

In order to accelerate global carbon emission reduction, the UN has emphasized the
need for ambitious plans to drastically improve energy efficiency and increase the share
of renewable energy sources in the latter region [10]. Various targets encompassing final
energy generation mix, heating and cooling requirement, and transportation are being
introduced at various levels of governance. Comparatively, renewable power has received
the vast majority of attention whereas targets for energy-efficient cooling and heating of
buildings has been introduced to a lesser degree [10]. It is well known that drastic im-
provement in building designs is a critical pathway to achieving these targets. Although
practical, it is presently less feasible due to the lack of localized energy efficiency building
codes and standards in the sub-Saharan Africa region [11]. In Ghana, the residential sector
consumed about 46% of electricity generated in 2019 [12]. This demand is projected to
increase by 5.8% annually due to the increasing population coupled with poorly designed
buildings [12]. Presently, frequent power outages underscore the inefficiencies in supply-
side management. Although demand-side management possesses huge potentials to re-
solve this energy deficit, the Energy Commission of Ghana has focused on increasing the
generation capacity. However, this has been evidently futile as a result of persistent load
shedding and power outages in the region. Moreover, the current supply-side manage-
ment is expensive and unsustainable due to the increasing use of thermal sources (62.7%)
[12]. These prevailing conditions therefore necessitate studies which investigate strategies
to reduce building energy consumption in the sub-Saharan Africa region.

1.2. Literature Review

Successful efforts to reduce building energy demand in developed countries have
been mainly driven by passive and active design strategies. Typical passive design strat-
egies explored include the shape of the building, the orientation of the building, construc-
tion materials, window-to-wall ratio, and ceiling height whereas active strategies include
efficient energy systems and renewable energy generation. The integration of parametric
design through building information modelling (BIM), building energy simulation and
optimization methods enable the transformation of building design problems into an op-
timization problem in order to explore the aforementioned strategies [13]. For instance,
Al-Saadi and Al-Jabri [14] employed a computational approach to optimize the envelope
design of buildings in hot climates. The study evaluated envelope design strategies in-
cluding envelope airtightness, roof, and wall insulation, thermal mass, window area, win-
dow glazing and window shading. The results showed that the window shading is ther-
mally and economically beneficial in the studied hot climates while insulation of 2-5 cm
is cost-optimal. Saroglou et al. [15] explored the impact of three single-skin facades and
ventilated double skin facade on the energy performance of low carbon high-rise build-
ings. The study further explored the interaction between facade types, orientation, and
height which showed varying energy demand reduction at different floors within the
building. Additionally, the ventilated double skin facade design with low glazing can re-
duce cooling loads by 15%. Another study proposed a building design optimization pro-
cess to evaluate daylighting and energy performance of multiple design options in order
to generate an optimized design [16]. Design parameters included building depth, roof
ridge location, skylight width, height, and orientation, windows, and shading. An office
building was optimized which revealed the trade-off between daylighting and energy
performance. Ilbeigi et al. [17] developed a method to optimize building energy consump-
tion using artificial neural network and a genetic algorithm. The proposed method was
applied to a case building in Iran by exploring the thermophysical properties of walls,
floor, roofs, and windows which reduced energy demand by 35%.

A study developed an integrated decision-making strategy to optimize energy de-
mand, energy production, and adaptive thermal comfort towards a zero-energy high-rise
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building [18]. Their approach involved a two-stage optimization of design parameters in-
cluding window-to-wall ratio (WWR), wall u-value, glazing construction, airtightness of
the facade, cooling setpoint and photovoltaic (PV) surface area which reduced building
energy demand by 33%. Cuce et al. [19] evaluated natural ventilation as a passive cooling
strategy for educational buildings by exploring design strategies such as the depth of the
room, atrium, solar chimney and orientation. The results indicated that proper design of
single-sided and cross-ventilation can ensure cooling and improve the air quality in the
case study building. Acar et al. [20] focused on optimizing building envelope parameters
to reduce the energy use and cost of residential buildings in Turkey. The design variables
investigated include wall material types and thickness, external wall, roof, and floor insu-
lation, glazing types, and window dimensions. The results indicated that the most energy-
efficient solutions also led to the lowest lifecycle cost. Cuce and Riffat [21] also validated
the thermal performance of a commercially available vacuum glazing using CFD-based
simulation. The study also explored the application of translucent aerogel support pillars
in vacuum glazing which showed an improvement of the U-value by up to 67%. Cuce et
al. investigated the thermal, energy, and optical performance of heat insulation glass un-
der different cooling and heating season through laboratory and in situ tests [22]. The
results indicated that in comparison to conventional single glazing, the heat insulation
glass provides energy savings of about 48% and 38% during cooling and heating seasons
respectively. Furthermore, a 16% higher generation can be achieved due to its nanolayer
reflective film. In another study [23], the thermal performance of a novel vacuum tube
window was investigated through numerical and experimental investigations which
showed a higher thermal resistance in comparison to other commercialized windows.

With regards to integrated photovoltaic applications, Chen et al. [24] optimized the
thermal and optical properties of photovoltaic facades and conventional passive parame-
ters for a high-rise building in Hong Kong. The results showed that the window geometry,
thermal, and optical properties were the most important parameters and a net energy de-
mand reduction of about 49% was achieved. Chen et al. [25] also developed a holistic de-
sign optimization process to investigate the interactions between photovoltaic facades and
traditional passive design parameters. A case study in Hong Kong revealed that a net
energy demand reduction of about 71% could be achieved with the optimum design con-
figuration. Another study optimized the performance of a dynamic photovoltaic system
for adaptive shading which showed a net energy saving of up to 80% [26]. Skandalos and
Karamanis [27] also explored the optimal configuration of different building-integrated
photovoltaics under different climatic zones. The optimal building integrated photovol-
taic (BIPV) configuration achieved energy savings of up to 43%.

It is clear from the foregoing that huge energy savings can be achieved during the
operational stages through passive and active strategies. However, the increasing use of
low energy materials especially within the building envelope may have a counteracting
effect on energy savings since such materials have high embodied energy [28]. Some stud-
ies suggest a point after which further operational energy saving leads to exponential in-
creases in embodied energy [29]. In fact, concerning low-energy buildings, over 45% of
the lifecycle energy could be due to the embodied energy use, thus from a lifecycle per-
spective, the embodied energy could override the operational energy savings [30]. It is
therefore crucial to minimize operational energy use without compromising the embod-
ied energy performance. Thus, a properly optimized building envelope must ensure an
improved energy performance from a whole lifecycle perspective. The development of
low-energy buildings from a lifecycle perspective is becoming an intense research topic
[31]. Tushar et al. [32] developed an evidence-based integrated framework to optimize the
energy and environmental performance of a residential building from a lifecycle perspec-
tive. The study first developed scenarios to optimize passive design parameters including
building orientation, shading, infiltration rate and window glazing. Following this, the
optimized building designs were developed in Autodesk Revit BIM tool and connected
with Tally (a BIM-enabled lifecycle assessment (LCA) tool) to evaluate the environmental
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impacts of the alternative designs. The results of a case study in Melbourne showed that
only a moderate level of insulation was required to achieve optimal energy efficiency and
also revealed the best insulation materials for minimal environmental impacts. In these
studies, the embodied energy is estimated separately and its confounding effects on the
operational energy is not explored.

A few studies have focused on joint optimization of the operational and embodied
energy of building from a lifecycle perspective. For instance, Lin et al. [33] developed a
multi-objective optimal building envelope model to design the optimal configuration of
building envelopes and air conditioning systems in Taiwan. The model explored design
variables such as windows, sunshade, glazing, wall and roof materials, and air condition-
ing systems to reduce the construction cost and the environmental impact of material
manufacture. The optimized case reduced carbon emissions by 58.3% while increasing
cost by only 5.3%. Kiss and Szalay [34] developed a modular parametric lifecycle optimi-
zation framework for a multi-apartment house in Hungry. The study evaluated design
strategies including building geometry, envelope, fixtures, and heating energy source
which produced up to an 80% reduction in environmental impacts. The result also showed
that optimizing the operational or embodied impacts alone leads to a sub-optimal design.
Shadram and Mukkavaara [35] integrated BIM with a multi-objective optimization ap-
proach to explore the trade-off between embodied and operational energy uses of new
building projects. The method was tested on a low energy dwelling in Sweden which
showed that small operational energy savings could lead to larger increases in embodied
energy. Shadram et al. [29] also developed a multi-objective optimization approach to ex-
plore a wide range of retrofitting solutions for a Swedish multi-family residence from a
lifecycle energy perspective. The study investigated retrofitting measures including ma-
terial types, materials quantities, window types, and HVAC systems to optimize building
design solutions that satisfy the Swedish energy-efficient building codes by exploring a
trade-off between embodied and operational energy uses. Abbasi and Noorzai [36] com-
bined a multi-objective optimization method with BIM and LCA to determine the optimal
trade-off between embodied energy and operational energy of a residential building in
Iran. The results showed that up to 65% of energy savings can be achieved through re-
newable energy.

1.3. Objectives and Novelty of Study

The literature review shows that there is a limited number of studies that jointly op-
timize the embodied impacts of buildings from a lifecycle perspective. Most studies focus
on design parameters for the operational stage or perform a stepped assessment in which
the operational stage is solely optimized, followed by a simplified estimation of the em-
bodied impacts of the building. In doing so, the impacts of confounding parameters in a
joint optimization remain unexplored. The integration of building information modelling
and optimization methods provides promising prospects to extensively explore the trade-
off between operational and embodied impacts. Moreover, there are no identified studies
to optimize indigenous facade types and buildings archetypes in sub-Saharan Africa,
where poor envelope designs lead to large heat gains through the building envelope. Due
to the extremely hot weather conditions in these areas, sustainably designed envelopes
are critical to reducing overall lifecycle energy consumption. It is therefore necessary to
understand how envelope design strategies affect the overall lifecycle energy performance
of the building.

The aim of this study is to determine the optimal configuration of different building
envelopes with local materials that are representative of the climatic conditions sub-Sa-
haran region of Africa from a whole lifecycle perspective. A genetic algorithm is coupled
with building energy simulation and LCA to explore the optimal performance of different
building envelopes and design variables under different climatic conditions in the sub-
Saharan Africa Region. Major contributions of the study include an integrated optimiza-
tion that reflects the whole lifecycle performance of buildings. The optimization model is
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properly defined to include and solve the counteracting effects of building materials on
the trade-off between operational and embodied energy in the lifecycle of buildings. Ad-
ditionally, a comprehensive exploitation of the performance of local building envelope
materials under the diverse climate of sub-Saharan Africa can facilitate the adoption of
energy-efficient building envelopes. Buildings contribute over one-third of the energy use
in these regions, therefore improvement in energy efficiency is crucial to reduce the over-
all energy consumption. Furthermore, the introduction of building-integrated photovol-
taics will increase the share of renewables in the total electricity mix.

The remaining content of this paper is divided into three sections. Section 2 presents
the modelling of building energy use based on different design variables and fagade con-
figurations before the optimization method. Section 3 shows the performance of each
building facade and the interaction between design variables through a case study. Fi-
nally, conclusions and recommendations are given for the sub-Saharan African region in
Section 4.

2. Methodology

The systematic approach to achieve the research objective is illustrated in Figure 1.
First, a base model was designed parametrically with reference to local data on residential
buildings. Then, an embodied and operational energy use model is then designed to per-
form a two-staged optimization process. The design of the energy simulation models, op-
timization models, weather data and design variables are illustrated in detail in the sec-
tions below.
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Figure 1. Methodological framework of the study.
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2.1. Case Study Building Model

The case study model is a mid-rise residential building located in Accra, Ghana. Such
buildings are classified as mid-income dwellings. The building was designed with refer-
ence to as-built drawings retrieved from the owner and a field survey and is representa-
tive of a typical residential building in sub-Saharan Africa. The building is a 10-floor apart-
ment block with a total area and height of 30 m. The floor plan and 3D model are shown
in Figure 2. Each floor has four units, a stair, an elevator, and a corridor that leads to the
four units. Additionally, each unit consists of a living room, kitchen, washroom, store-
room and three bedrooms with a total surface area of 480 sq m. The envelope of the base
case consists of a 150 mm sandcrete block wall with a 15 mm thick cement sand render on
both sides, a 100 mm reinforced concrete floor, with 25 mm thick cement sand mortar and
ceramic tiles, an Aluzinc metal roofing sheet with timber carcassing, and 6 mm clear single
glazed aluminium windows. A parametric model of the case building is built in McNeel
Rhinoceros/Grasshopper which is a valid modelling platform with plugins for numerous
analyses including the energy simulation using Ladybug and Honeybee [37].

Regarding the thermal zones, each space within the units, the connecting corridor
and stairs are considered as separate thermal zones. The building schedules illustrated in
Figures 3 and 4 were defined through a survey with the building occupants. The figures
illustrate a daily profile that is composed of hourly values. Each hourly value represents
a fraction of the occupancy, HVAC, lighting, or equipment uses in relation to the peak
values (i.e., 1.0). All living spaces are occupied during non-working hours whereas corri-
dors and stairs are occupied before and after non-working hours. All spaces are equipped
with a split-type air conditioner (COP of 2.6) except the connecting corridors, stairs, store-
rooms, and washrooms which are naturally ventilated. The building requires only cooling
and a cooling setpoint of 24 °C is defined.
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(b)

Figure 2. Floor plan and 3D BIM model of the case study building. (a) Floor plan, (b) floor plan.

Fraction of peak value

1 3 § 7 9 11 13 15 17 19 21 23
Hours

=@==Living room ==@==Kitchen ==Q==Bedroom
“O-Corridor  ==@==Washroom

Fraction of peak value

1 3 § 7 9 11 13 15 17 19 21 23
Hours

=@==Living room ==O==Kitchen ==Q==Bedroom
~O-Corridor  ==@==Washroom

(a)

(b)



Buildings 2021, 11, 642

8 of 24

1 CoCelelel=C-0-@-@- -0-& --0

e e e
IS o ()

Fraction of peak value

e
N

\ 4 LA A & & & g L 4 L a a a

1 3 5 7 9 11 13 15 17 19 21 23
Hours

]

e=@==1jving room ====Kitchen === Bedroom

Corridor e=@==Washroom

(c)

e
()

e
=)

e
'S

Fraction of peak value

1 3 § 7 9 11 13 15 17 19 21 23
Hours

=@=Living room ==®==Kitchen e=(==Bedroom

Corridor e=@=="Washroom

(d)

Figure 3. Weekday building schedules. (a) Occupancy schedule, (b) lighting schedule, (c) HVAC schedule, (d) equipment

schedule.

1 e o
IS = )

Fraction of peak value

e
9

1 3 § 7 9 11 13 15 17 19 21 23
Hours

=@==Living room ==O==Kitchen ==QO==Bedroom
O Corridor  ==@==Washroom

e
)

e
=

1
'S

Fraction of peak value
O
o
[e]

e

(5]

P, S—
s ¥

1 3 § 7 9 11 13 15 17 19 21 23
Hours

=@==Ljving room ==O==Kitchen ==Q==Bedroom
O~ Corridor  ==@==Washroom

(a)

(b)



Buildings 2021, 11, 642

9 of 24

1 OOOOOOT‘-T OOOOYOOT‘-TO-O-O 1 r“‘
L
= 08 S 08
s =
> g
= 24
g 0.6 g 0.6
= =%
b~ 4
e =)
= 0.4 = 0.4
2 =
54 -
<9 @
g g
-

NG 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0_0]

= 0.2 = 0.2

0 (LR CR0 00 0 0 0 0,000 00,0,0,0,0,000,000000]

1 3 § 7 9 11 13 15 17 19 21 23 1 3 § 7 9 11 13 15 17 19 21 23
Hours Hours
=@=Living room =O@==Kitchen = ==O==Bedroom =0@—Living room ==@==Kitchen =~ ==O==Bedroom
O~ Corridor =Q@==Washroom Corridor ~ ==@==Washroom
(c) (d)

Figure 4. Weekend building schedules. (a) Occupancy schedule, (b) lighting schedule, (c) HVAC schedule, (d) equipment

schedule.

2.2. Low-Energy Design Measures

The study explores a number of passive and active design strategies related to build-
ing geometry, renewable energy application and the thermophysical properties of facades
used within the region of the case study building [11]. The strategies related to building
geometry and renewable energy systems were selected with reference to the reviewed
studies and summarized in Figure 5. For the thermophysical properties of the facades, a
field survey was conducted in order to identify different local facade types and materials
used within the region. Detailed descriptions of the survey on different local fagade types
are provided in [11]. Through the survey, four local fagades including that of the base case
model were identified. In addition, a BIPV window is also investigated in this study. The
passive strategies and active strategies investigated include window-to-wall ratio, build-
ing orientation, external wall material type and external wall material thickness, HVAC
system, rooftop photovoltaic system, and the BIPV window. Particularly, the facade ma-
terials are defined according to commercially available prototypes in order to provide a
realistic result that is practically applicable to the region. Opaque mono-crystalline silicon
modules with an average conversion efficiency of 15% are used for the rooftop PV
whereas semitransparent amorphous silicon modules with a conversion efficiency of 6.3%
are used in the windows of the BIPV window [24]. The rooftop PV is assumed to cover
90% of the roof space in order to ensure roof accessibility. Various orientations of the solar
panel were investigated to maximize the PV electricity generation. The range of the design
parameters investigated, and the construction detail of the studied fagades are illustrated
in Table 1.
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Table 1. Variable for the two-staged optimizations [11,24,25].

Variable Values (Unit) Range (Unit) Notes
Building orientation 0(°) 0 (°)-180 (°). 15° interval
Window-to-wall ratio 0.35 0.15-0.80 0.05 interval

Represent tight building,
0.0001, 0.000071, passive house, ASHRAE 90.1-

Facade infiltration rate 0.0003 (m?/s/m?) 0.000285, 0.0003, 0.0006 2013, Average leaky building
(m3/s/m2) and leaky building,
respectively.

Mono-Si cells with 15%

Rooftop PV 90 (% of roof area) conversion efficiency
Driven by WWR variable; a-Si
BIPV Windows 90 (% window area) cells with 6.3% conversion
efficiency
Ext. render 12 (mm) 10 (mm)(rrifn()mm)l 15
Block wall and
Mortar fagade Block wall 150 (mm) 100 (mm),(rln5r(r)1)(mm), 200
(BWMF)
Internal render 12 (mm) 10 (mm)(,nllIZn()mm), 15
Ext. shotcrete 15 (mm) 10 (mm)(,rifn()mm), 15
Shotcrete Mesh reinforcement - -
Insu.lated EPS insulation 78 (mm) 50 (mm), 78 (mm), 100
composite fagade (mm)
(SICF) Mesh reinforcement - -
Int. shotcrete 15 (mm) 10 (mm)(,nllil()mm), 15
Int. galvanized steel
Galvanized steel plate 06 (mm) )
Insu‘lated EPS insulation 78 (mm) 50 (mm), 78 (mm), 100
composite fagade (mm)
(GS. ICF) Ext. galvanized steel 0.6 (mm) i
plate
Compressed mud block fagade (CMBF) 200 (mm) 150 (mm),(rzn(i(r)l)(mm), 250

The layers of the facade are presented from the outer to inner layer.
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Stage one: Geometry and BIPV optimization Stage two: Facade materials optimization
» Energy Use Operational
Objective mnergy
,| PV Energy Embodied
Generation Energy

GS. ICF
EnveloPe . . Facade
Characteristics BIPV
. Fagade —'| Shotcrete ICF |
|| Rooftop —

BIPV fvpes
BWMF

Facade CMBF

infiltration

Figure 5. [llustration of passive and active parameters two-stage optimization [11,38].

2.3. Climate Data

The case study building is located in Accra with a Tropical Savanna Climate (Aw)
under the Koppen—Geiger climate classification. The dominant characteristics are pro-
longed hot summers with moderate rainfalls from March to mid-November. The monthly
average outdoor temperature range is between 23 °C and 34 °C whereas the daily outdoor
average temperature ranges from 24 °C during the night to 30 °C during the day. Accord-
ing to the climatic data, the climatic condition in the northern areas of Ghana and other
regions of sub-Saharan Africa vary significantly. Bearing in mind that climate is a critical
determinant of building energy consumption, two other zones/countries are selected
across sub-Saharan Africa to explore the impact of climate on the building cooling load.
In particular, a capital city is identified in each zone/country to set a specific weather file:
Nigeria (Abuja) and Burkina Faso (Ouagadougou). An hourly weather file for each city is
retrieved for the energy simulation model. The weather file for each city is retrieved from
Climate Analytics in the EPW format for Energy Plus which is a widely used energy sim-
ulation program. These weather files are typical meteorological year (TMY) weather data
which represent the long-term mean weather conditions of the selected locations [39,40].

2.4. Energy Analysis

First, the energy analysis is implemented in two stages simultaneously: operational
energy analysis and embodied energy analysis. The operational energy simulation in-
cludes the net impact of building energy use (annual cooling, lighting, and equipment
load) and PV energy generation. The parametric building model is connected to Honeybee
plugin components which provide the function of energy simulation. Honeybee is utilized
to assign constructions, internal loads, lighting, HVAC (ideal load) and occupancy sched-
ules, and weather files. Hereafter, an IDF file is generated and run in EnergyPlus which
produces the simulation output. The values for infiltration rate are preset in the Honeybee
plugin which represents a passive house, tight building, ASHRAE 90. 1-2013, average
building, and leaky building [41,42]. The simulation output includes annual cooling, light-
ing, occupancy, and equipment loads. Similarly, Honeybee is used to parametrically de-
fine PV surfaces (including rooftop PV and semitransparent vertical BIPV facades) which
are coupled with a generator module. Weather data are then assigned to simulate the PV
electricity generation. The total building energy use and PV electricity generation are both
expressed in kWh/m?/yr. The building space load and physical characteristics are illus-
trated in Table 2.
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Embodied energy is defined as the energy required for material manufacturing,
transportation, construction, maintenance and repairs, and the end-of-life cycle processes
of the building. LCA is performed in this study to measure the embodied energy of dif-
ferent construction sets and also to evaluate the trade-off between operational and em-
bodied energy. The LCA is performed with Grasshopper modelling tools. After assigning
constructions to the building model, additional parameters are created using the native
Grasshopper components to define the needed input parameters. The quantity of materi-
als is extracted from the model and matched with embodied coefficient in Grasshopper.
The embodied energy is then evaluated by multiplying the material quantities by their
embodied coefficient. The system boundary is set for the material production stage to the
construction stage and the building lifespan is defined as 60 years. The impact of PV is
calculated is also estimated per unit area and with a lifespan of 25 years so that the PV
modules are replaced once in their lifetime. The embodied coefficient is sourced from Bath
ICE since no country in sub-Saharan Africa has an LCA database. Similarly, the embodied
energy of the building is expressed in terms of kWh/m?/yr.

Table 2. Building parameter settings.

Variable Value (Unit)
Occupancy activity level 2 (person/room) 120 (W/person)

Lighting gain 12 (W/m?)
Equipment gain 10 (W/m2)

HVAC system IdeaLoadAirSystem
Cooling setpoint 24 (°C)

Roof U-value 0.35 (W/m2 °C)

Floor U-value 1.5 (W/m2 °C)
Window U-value 5.69 (W/m2k)

2.5. Optimization

A staged multi-objective optimization is performed by incorporating energy simula-
tion and embodied impacts assessments tools with a multi-objective optimization algo-
rithm to find the optimal building design from a lifecycle perspective. This approach al-
lows the iteration of design parameters in the search for a solution that corresponds with
the optimal design goals. The optimization is performed in Wallacei, an optimization
plugin for Rhino/Grasshopper. The Wallacei plugin is driven by a genetic algorithm and
allows users to define iteration loops for different applications. Its analytical tools also
allow for different evaluations and visualizations of the optimization results. The work-
flow of Wallacei involved optimization design by defining inputs and output, setting (ge-
netic algorithm parameters) and analytics (evaluation of results). The main inputs include
genes (design parameters) and the design objectives (building energy demand, PV energy
generation and embodied energy). Likewise, the corresponding output includes genomes
(combination of input parameters for each simulation run) and fitness values (design ob-
jectives). Furthermore, other data and phenotypes may be included as inputs and outputs
of Wallacei.

In this study, the optimization is performed in two stages. In order to design the op-
timization problem, the dependent and independent variables are identified for each
stage. The main goal of the first stage is to optimize PV power generation. The independ-
ent parameters for the first stage of the optimization include PV (rooftop and BIPV win-
dows), window-to-wall ratio, building orientation, and window types. Two dependent
variables are defined to determine the optimal configuration for the independent varia-
bles:

Energy use intensity (kWh/m?/yr): the annual energy demand for cooling, lighting
and equipment for all conditioned areas of the building.
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PV energy supply (kWh/m?/yr): the total power generated from rooftop PV and BIPV
windows.

Since the goal of this stage was to optimize the PV power generation, the inclusion
of alternative fagcades was less significant at this stage as it does not influence the PV en-
ergy supply. The rooftop PV is designed to cover 90% of the rooftop area whereas the
window BIPV capacity is driven by the window-to-wall ratio parameter. Furthermore,
operable windows account for 10% of the window-to-wall ratio. Considering the above
independent and dependent parameters, the optimization problem for stage 1 is designed
to maximize PV energy supply and minimize building energy use in Equation (1) with
reference to [24] as follows:

min{f; (0)} max {f,(9)}, 0 = [x1, X2, X, 1)

where f1is the first objective function which minimizes the operational energy use; f2is the
second objective function which maximizes PV energy supply; 0 is a combination of any
design variables x v Xy and X .

The second stage is performed to explore fagade types and strategies towards a low
whole lifecycle energy use which includes both the embodied and operational energy.
Thus, this stage is performed to jointly minimize both embodied energy and operational
energy. The building model is set up using optimal configuration from the first stage of
the optimization. The independent variables for this stage include four facades (including
the base model) used within the sub-Saharan Africa region. The description of various
layers and characteristics of these fagades are presented in Table 1. Likewise, the depend-
ent variables include:

Operational energy use (kWh/m?/yr): the annual energy demand for cooling, lighting
and equipment for all conditioned areas of the building

Embodied energy use (kWh/m?/yr): the total energy for manufacturing of building
materials, transportation, construction, and maintenance during the service life of the
building. Considering the above dependent and independent variables, the optimization
problem for stage two which minimizes both embodied and operational energy is defined
in Equation (2) with reference to [28] as follows:

min{f;(9), f2(9) },0 = [x1, X3, Xy 2)

where fiis the first objective function which minimizes the operational energy use; f2is the
second objective function which minimizes the embodied energy; 0 is a combination of
any design variables x , x,, and x .

Since the aim of this stage is to minimize the whole lifecycle energy use of the build-
ing, the joint optimization of both operational energy and embodied energy will ensure
realistic design solutions that optimally reduce both objectives. Thus, the trade-off be-
tween the conflicting embodied and operational aspects are explored.

The optimization is driven by the NSGA-2 algorithm as the primary evolutionary
algorithm and was run on an Intel Core i7 desktop with 16 GB of RAM. The average eval-
uation time for each design simulation was 39” and 18” for stages one and two respec-
tively. The genetic algorithm parameters were set as follows: population size: 50; genera-
tion: 100; crossover probability: 0.8; mutation probability: 0.1; crossover distribution in-
dex: 20; mutation distribution index: 20 [43,44]. The termination criterion used for this
study is the maximum generation since a test indicated convergence after the 90th gener-
ation. In this case, each optimization ends with the 99th generation since the first genera-
tion is counted as 0. The Pareto front with the non-dominated solutions (i.e., no single
objective can be improved without sacrificing another one) is used to select the optimal
design solutions).
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3. Results and Discussion

For validation purposes, the simulation model is calibrated by varying certain pa-
rameters for the simulation model to fit metered data retrieved from the building man-
agement. The American Society of Heating, Refrigerating and Air Conditioning Engineers
(ASHRAE) specify a method for validating the whole building energy simulation by eval-
uating the error between real metered data and simulated results [45]. For energy use, the
ASHRAE guideline specifies thresholds for the Coefficient of Variation of Root Mean
Square Error (CV(RMSE)) and Normalized Mean Bias Error (NMBE) as 15% and +5%, re-
spectively. It is recommended that the base model is calibrated with a minimum of con-
tinuous annual metered data. The calibration follows the process of designing the baseline
model, analysis of primary results, calibration against monthly metered data and valida-
tion using the CV(RMSE) and NMBE.

CV(RMSE) is illustrated in Equation (3) as follows:

1 nomo— s.)2
CV(RMSE) = — JW—S) x 100 (%) ®)
m n—
NMBE is illustrated in Equation (4) as shown below:
1 Y™ (m — s
NMBE = . 2= = SD 0 0 )
m n—p

where m is the mean of measured values; p is the number of adjustable parameters; # is
the number of measured data plots; mi is the measured values; si is the simulated values.

The main parameters for calibrating the building model include the building plan
and zone layout, utility data, and operation schedules. For the building plan and zone
layout, contextual details are evaluated to identify the real condition of the various zones
including storerooms, bathrooms, living rooms, bedrooms, and corridors. Hence, the sim-
ulation is performed on a zone-to-zone basis rather than aggregating all zones. Further-
more, the as-built properties of windows and glazing are also taken into consideration in
order to improve the simulation results. Lighting and equipment density and schedules
are calibrated by varying the number of lamps and equipment as well as their schedules.
In terms of occupancy, density is calibrated by modulating the ratio of working to non-
working occupants. The usage of equipment is also calibrated in relation to the occupancy
density.

Table 3 shows the results of the calibration process in comparison to the threshold
specified by ASHRAE 14. It can be observed that the model accuracy in terms of monthly
CV(RMSE) and NMBE are consistent with the criteria of the ASHRAE 14 guidelines.

Table 3. Estimated CV(RMSE) and NMBE of the calibrated simulation model for operational energy
uses.

Index ASHRAE Criteria Baseline Model Calibrated Model
CV(RMSE) 15 32.58% 14.56%
NMBE +5% 24.43% —4.79%

Figure 6 shows the monthly energy use of the building including lighting, cooling,
equipment, and occupancy gains plotted against the metered data retrieved. It can be ob-
served that the monthly variation between the simulated data and the actual building en-
ergy use is less than 5%. Cumulatively, the simulated annual energy use intensity is ex-
pressed as 135 kWh/m?/yr while the actual value is 128.76 kWh/m?/yr. This is relatively
high when compared with the energy use intensity of a low-income dwelling house eval-
uated in [11]. The main reason for this high deviation is the different energy use profiles
between the different two groups of income earners. From the field survey, it was ob-
served that the equipment density per building area of the mid-income earners (present



Buildings 2021, 11, 642

15 of 24

study) is much higher compared to the low-income earners in the previous study. Addi-
tionally, the low-income earners mainly adopt heat extraction fans whereas the mid-in-
come earners largely rely on mechanical cooling. As observed the lighting energy use is
also much higher due to the use of efficient lighting systems and design in the mid-income
dwelling in this study. From Figure 6, it can be observed that the cooling energy required
is much lower in the months of June to September, which is due to lower outdoor temper-
atures during this period. The lower temperature can be attributed to higher rainfalls dur-
ing this period. Given the minimal difference between the simulated and metered data,
the building energy model is suitable for the subsequent optimization process.

EUI (kWh/m?)

—
ESN

—
[S8]

—
o

0

mmmw Cooling  =mmm Lighting  =ssm Equipment —e==N\Jetered Data

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 6. Validation of base model building loads.

3.1. Stage-One Optimization

The results of the first-stage optimization are used to develop scatterplots as ex-
pressed in Figure 7. This plot shows the relationship between the building energy use and
the PV power supply using the results of 5000 simulations. Figure 7a illustrates the entire
solution space whereas Figure 7b shows the Pareto front. In the figure, each dot corre-
sponds to a set of variables (WWR, rooftop PV, BIPV window, infiltration rate, and orien-
tation) selected by the optimization algorithm for each simulation run. The results of the
design solutions that cannot be improved without compromising the other objectives are
Pareto front solutions. In this study, the solutions that minimize the operational energy
use but maximize the PV energy supply are selected as the Pareto solution. Specifically,
the optimal solution corresponds to a south-oriented building (180°). The window-to-wall
ratio and PV window-to-wall ratio are 0.55 and 0.495, respectively. Additionally, the in-
filtration is 0.000071 m3/s/m? which underscores the essence of an airtight facade. This
optimal solution result reduces the operational energy use by 26.78% when compared
with the energy of the base case model. Figure 8 illustrates the monthly energy consump-
tion and PV power supply of the optimal solution. It can be observed that except March,
April, May, September, and October, the PV power supply exceed the energy use require-
ment throughout the year. Nonetheless, the energy deficit is less than 10% in these peri-
ods. About 80% of the PV energy supply is generated by the rooftop PV while the remain-
ing 20% is generated by the BIPV window.
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Figure 8. Total operational energy use against PV energy supply.

Table 4 provides a detailed configuration of the Pareto optimal for the first stage op-
timization. The table shows the list of Pareto front, the specific design parameters, PV
power generation, operational energy uses, and the frequency of occurrence in a design
solution in series. The variables (genomes) for the Pareto front are summarized. It can be
observed that all solutions are characterized by a south-facing building and almost all by
an orientation of 180°. Furthermore, it is observed that the optimal solutions are spread
uniformly across the WWR ratio. Since 90% of the windows are replaced with BIPV, the
variation in WWR results in less significant changes in operational energy use. It can be
observed that the choice of the best performing design solution is highly related to the
WWR rather than the orientation and infiltration rate. The results favour the exploitation
of window and BIPV design in other to select design solutions that best fit. Figure 9 further
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illustrates the performance of design variables against the energy use intensity for the

optimized solution.

Table 4. Configuration of Pareto optimal solutions of stage one.

Number of
Building Window-to- F.agad.e R;)oftop PV . BIPV Energy .Use PV Energy Pareto
Orientation ()  Wall Ratio Infiltration (% of Roof Windows-to- Intensity Supply Solutions in
Rate (m3/s/m?2) Area) Wall Ratio (kWh/m%yr) (kWh/m?/yr) Series
165 0.15 0.000071 90 0.135 ( 102.7616 84.97314 115
165 0.3 0.000071 90 0.27 102.6732 89.84629 92
180 0.45 0.000071 90 0.405 102.6403 91.47067 161
180 0.35 0.000071 90 0.315 102.6139 93.09505 115
180 0.55 0.000071 90 0.495 102.5882 94.71943 138
180 0.5 0.000071 90 0.45 102.5545 96.34381 161
180 0.4 0.000071 90 0.36 102.5248 97.96819 115
180 0.65 0.000071 90 0.585 102.4983 99.59257 115
180 0.7 0.000071 90 0.63 102.4748 101.217 138
182 0.7
180 0000 00O 06 .0
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Figure 9. Scatterplot of WWR, infiltration rate, orientation, and BIPV window ratio against energy use intensity. (a) Ori-
entation vs. energy use intensity, (b) BIPV windows ratio vs. energy use intensity, (c) WWR vs. energy use intensity, (d)
Infiltration rate vs. energy use intensity.
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3.2. Stage-Two Optimization

The results of the first stage of the optimization form the basis for stage two of the
optimization process. In order to incorporate the optimal design solution from the first
stage to the second stage of the optimization, parameters (genomes) of the optimal solu-
tion are used to remodel the base case design. The remodelled case building is a south-
oriented building with a 0.55 and 0.495 WWR ratio and BIPV window ratio respectively,
has 90% rooftop PV coverage and a fagade infiltration rate of 0.000071 m?/s/m?. Further-
more, the same solar cells and conversion efficiencies are maintained for the rooftop PV
and BIPV windows. The second stage of the optimization is performed to demonstrate the
trade-off between embodied and operational energy of the building. The different layers
of four fagade types are varied to explore their performance on both embodied energy and
operational energy. In order to extend the boundaries of the study beyond Ghana, the
optimization is performed for two other regions, Abuja, Nigeria and, Ouagadougou,
Burkina Faso.

The results from the second stage of the optimization are presented in Figures 10-12.
The figures show the variations in operational and embodied energy and each dot in the
scatterplot represent a unique combination of different variables that control the types
and thickness of materials for a fagade type. Here, the goal is to minimize the whole lifecy-
cle energy use of the building (both embodied and operational energy); therefore, the Pa-
reto fronts are those solutions that minimize both objectives in a manner that there is no
possibility of decreasing one objective without compromising another objective. From Fig-
ure 10, it can be observed that the design solutions for Ghana are clustered almost hori-
zontally. This indicated that around these points, the operational energy is relatively
steady whereas the embodied energy fluctuates significantly. Particularly it is observed
that around the operational energy value of 87-89 kWh/m?/yr, the embodied energy fluc-
tuates with a difference as high as 15 kWh/m?/yr. This indicates that any further decrease
in the operational energy will result in an exponential increase in the embodied energy. A
more precise representation of the Pareto front is illustrated in Figure 10b. Similarly, it is
observed that a minimal reduction in operational energy use leads to an exponential in-
crease in embodied energy use. It is revealed that the distribution of the Pareto optimal
solutions are more concentrated and less distributed which confirm that significant em-
bodied energy saving can be around similar levels of operational energy. The configura-
tion of the Pareto optimal solutions are presented in Table 4. Considering the optimal de-
sign solution for the BWMEF facade, the selected genes centre around a 150 mm thick block
wall and a 10 mm thick render. Although some optimal solutions increase the thickness
of the render to 12 mm, the corresponding increase in embodied energy is much higher
than the decrease in operational energy. Therefore, the net benefit from this solution is
less desirable. All three thicknesses of the CMBF resulted in similar operational energy.
However, the embodied energy increased significantly with the increase in thickness. For
the shotcrete ICF, an insulation thickness of 78 mm is most representative of the optimal
solutions and the most desirable shotcrete thickness is 12 or 15 mm. An increase of the
insulation thickness to 100 mm leads to an increase in the embodied energy which is not
proportional to the decrease in the operational energy. Unlike the foregoing, the thickness
of the insulation layer for the optimal GS ICF has a uniformly spread insulation thickness
which proportional reductions in the operational energy use. However, an increase of the
insulation thickness to 100 mm yields an exponential increase in the embodied energy.
Cumulatively, the net energy use of the optimal solution reduces yields an energy reduc-
tion of about 24.59% in comparison with the initial base case model.
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Figure 10. Scatterplot of operational energy use against embodied energy use (Accra, Ghana). (a) Entire solution space,
(b) Pareto optimal solutions.

The optimization is performed for two other regions in sub-Saharan Africa: Abuja,
Nigeria and Ouagadougou, Burkina Faso, and the results are detailed in Figures 11 and
12, respectively. It can be observed that the distribution of the entire solution is similar.
However, operational energy was much lower in these two regions compared to Ghana.
This is mainly attributed to the weather data thus the prevailing climatic conditions in the
area. Likewise, slight variations are observed in the embodied energy values due to the
differences in transportation distances and materials manufacturing processes. For in-
stance, Nigeria is a major manufacturer and distributor of cement in Africa, hence the
impacts of transportation are slightly lower in Nigeria when compared with Ghana. Spe-
cifically, the optimal solution for Abuja Nigeria and Ouagadougou, Burkina Faso after the
second stage of the optimization reduces the energy use by 36.93% and 33.33%, respec-
tively.

Table 5 provides a detailed configuration of the Pareto optimal for the second stage
optimization. The table shows the list of Pareto front, the specific design parameters, em-
bodied energy, operational energy uses and the frequency of occurrence in a design solu-
tion in series.

Table 5. Configuration of Pareto optimal solutions of stage two.

Materials Thickness (mm) Pareto Solutions

CMBF BWMF Shotcrete ICF GS. ICF Operation Embodied (1)\;1;’1:1221;
Ext. Block Int. Ext. EPS Int. EPS Energy Energy Solutions
Render Wall Render Shotcrete Insulation Shotcrete Insulation (kWh/m?/yr)(kWh/m?/yr) in Series

150 92.63 9.24 92

200 91.85 12.22 115

250 91.23 15.18 138

10 100 10 91.22 21.86 92

10 150 10 91.08 23.96 161

12 150 12 91.11 24.36 69

15 78 12 87.80 24.06 115

15 78 15 87.79 24.45 92

50 87.61 25.38 69

50 87.09 25.82 92
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15 200 15 87.80 25.06 115
15 100 15 86.59 29.33 69
12 78 12 87.80 24.33 115
12 200 12 87.80 24.36 69
15 200 12 87.80 24.98 115
100 86.78 30.00 161
12 100 10 86.59 28.93 138
12 100 12 86.59 29.33 69
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Figure 11. Scatterplot of operational energy use against embodied energy use (Abuja, Nigeria). (a) Entire solution space,

(b) Pareto optimal solutions.

Operational Energy (kWh/m?)

Q38 o
E 8
§ 33 e
< &
28
1 |
Z ) |
D
2 23 Y.
— [ ]
T 18 S
g ®
13
E [ ]
= °
8
) 74 76 78 80

D W W
A~ 0 P

—
(=)}

Embodied Energy (kWh/m2)
— (39
(9] [=]

(=

74 76

Operational Energy (kWh/m?)

80

(a)

(b)

Figure 12. Scatterplot of operational energy use against embodied energy use (Ouagadougou, Burkina Faso). (a) Entire

solution space, (b) Pareto optimal solutions.

4. Conclusions

This study evaluated the optimal configuration of different building envelopes with
local materials representative of climatic conditions in the sub-Saharan region of Africa.
An evolutionary algorithm is coupled with the building energy simulation and LCA to
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explore the optimal energy performance of different building envelopes and design vari-
ables under different climatic conditions. A case study was performed on a typical resi-
dential building in Ghana using a two-stage optimization approach which can be adopted
by designers in similar regions. In this approach, the building geometry and renewable
energy are first optimized and adopted as the basis to configure the building model for
evaluating the trade-off between embodied and operational energy with alternative fa-
cades in the second stage. Consequently, the arbitrary selection of optimal building de-
signs solely from the perspective of operational energy can be avoided.

It has been proved that the proposed joint optimization approach considering the
whole lifecycle of buildings (including both operational and embodied energy) can im-
prove the modelling accuracy and reduce the lifecycle energy use. Such an approach is
more favourable as the optimization of operational energy alone may lead to a sub-opti-
mal design from a lifecycle perspective. Furthermore, the study illustrates the trade-off
between embodied and operational energy through the multi-objective optimization ap-
proach.

The main findings from the two-staged optimizations are summarized as follows:

e Based on the stage-one optimization, the optimal design solution which maximizes
PV energy generation and minimizes operational energy use is mainly south ori-
ented. The coupling of WWR and prefabricated BIPV window is identified to have a
much higher influence on the power supply than operational energy. The increase in
the BIPV window area leads to a corresponding increase in the PV power supply but
a low window u-value which increases the cooling load in return. Notwithstanding,
the rooftop PV alone contributes to nearly 80% of the PV energy supply while the
prefabricated BIPV window contributes to about 20% of the PV power supply.

¢  Thejoint optimization of operational and embodied energy is proven a more efficient
method to reduce the whole lifecycle energy use. Specifically, the different facade
types with a wide range of embodied energy values are capable of achieving very
similar optimal operational energy. Therefore, a sub-optimal design solution may be
selected if not considered from a lifecycle perspective. From the perspective of the
different facades explored, it is realized that a slight reduction in the thickness of
cementitious materials can reduce the embodied energy without significantly affect-
ing the thermal mass and therefore operational energy. Similarly, an increase in the
thicknesses does not necessarily guarantee a decrease in operational energy but in-
creases the embodied energy. Regarding the composite fagades with insulation ma-
terials, an increase in the insulation thickness significantly reduces operational en-
ergy. However, this could also have a counteracting impact on the whole lifecycle
energy due to the exponential increase in embodied energy.

e  Thelifecycle energy performance of the explored fagade is found to vary significantly
among the three regions explored with increased performance in the order of Ghana,
Burkina Faso, and Nigeria. Particularly their performance at the operational stage
varies significantly due to the variation in weather conditions. Additionally, the dif-
ferent modes of material production, transportation, and construction processes im-
pact embodied energy. Hence it is necessary to pay attention to the specificities of the
evaluated region. Overall, the first stage of the optimization reduced the total lifecy-
cle building energy use by 26.78%. Cumulatively, over 24.59, 33.33, and 36.93% en-
ergy reduction are achieved for Ghana, Burkina Faso, and Nigeria, respectively.

In summary, this study has provided insights into the optimal configuration of build-
ing envelopes with different fagade materials representative of the sub-Saharan Africa re-
gion from a whole lifecycle perspective using a multi-objective optimization approach. In
the future, the range of design variables will be expanded and coupled with economic and
environmental indicators. Additionally, other envelope elements than fagades and build-
ing archetypes will be explored in detail.
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Abbreviations
ASHRAE American Society of Heating, Refrigerating and Air Conditioning Engineers
BIPV Building-integrated photovoltaics
PV Photovoltaics
WWR Window-to-wall ratio
CMBF Compressed mud block facade
CV(RMSE) Coefficient of variation of root mean square error
BWMF Block wall and mortar fagade
GS. ICF Galvanized steel insulated composite facade
Shotcrete ICF Shotcrete insulated composite fagcade
GHG Greenhouse gases
LCA Lifecycle assessment
NMBE Normalized mean bias error
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