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Abstract— The reuse of shipping containers (SCs) in architecture has grown in popularity worldwide. However, few studies have
focused on the thermal performance of buildings constructed with the use of refurbished SCs in hot and humid climates. This paper
intends to (1) present a foundation for the understanding of environmental issues related to container-based buildings (CBBs) and (2)
assess the thermal performance of CBBs in Port Said, a hot and humid region. To meet those targets, this paper first highlights the
literature concerning such construction systems to identify gaps in related research areas. Second, this paper presents a comparative
analysis of six simulation models, including a conventional building as a base model, an uninsulated SC, and four externally insulated
SCs with four different thermal insulation materials: rock wool, wool, closed-cell spray polyurethane foam (ccSPF), and straw. The
paper concludes that thermal insulation is irreplaceable in SCs reused as habitable spaces and that the most compatible thermal
insulation for CBBs in the hot and humid climate of Port Said is ccSPF. Whereas straw performs more effectively than ccSPF as a
cooler in the summer, it performs less effectively as a heater in the winter.
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Port Said and East Port Said are considered the most

[. INTRODUCTION significant Egyptian ports, being located at the entrance of

ﬁhe Suez Canal, the largest international shipping channel

Iand the crossroads of the most important world sea trade

foute between the East and the West [9]. East Port Said is
ne of the top fifty container ports in the world, ranked
orty-first in 2015 [10]. SC handling, transport and storage

Over the past two decades, the trade imbalance betwee
Asia and Europe on one side and North America on the othe
has been the main cause of the abundance and relativ
cheapness of shipping containers (SCs), as such containe
carry manufactured goods to North America from Asia and, , e X .
to a lesser extent, from Europe. Instead of ship emptyare the main activities of the Port Said Container and

. : - dling Company (PSCHC) at Port Said and the Suez
containers back to Asia and Europe at considerable expensé’|an . i .
manufacturing new containers is considered more economic.Canal ConFamer Terminal (SC_:CT) at Ea_st Pprt Said [.11’ 12].

he magnitude of the container handling industry in Port

Once these containers have served their purpose, they arg " . o :
thus stored at seaports in large numbers before they ar aid cqupled W't_h the Iack_of companies in the SC ma”‘¢t In
gypt is the primary motivation for this research, which

recycled as scrap or reused as spatial modules in architectur . ) . .
[1_3/] P P aims to encourage CBB construction in Port Said and in

The Reuse of SCs for architectural purposes is not limited Egypt. Qubix Studios, founded by Karim Rafla and Youssef

to certain types of buildings but extends from small private Farag, h_as j_UStE initiatelg ”::e. first 1steﬁ|s regardinhg ]E.:BB
homes to skyscrapers. SCs offer infinite possible assemblie€onstruction in Egypt [13]. Figure 1-a illustrates the first

based on their modularity [7] and are used for all types of BB in Beni Sléef’ Egypt(.j The terrgégargoteé:ture" may be
buildings, social, domestic, and commercial [8]. The Sc Uncommon in Egypt to date, as S In Egypt are rare,

goes a step further compared to traditional masonry, Withllmlted to military use as barracks and as public bathrooms,

longer cantilevers originating from its structural composition. portable Iou_nggs, and entertainment marketplaces on
beaches, as in figure 1-b. This limited use may stem from a

As a relatively untapped trend, SCs can be slotted into aI K of K led 4 skill in thi ; : q
structure, and this integration creates a new symbiosis [8]. ack of knowledge and s«ill In this type of construction an
an ignorance of the effectiveness of SCs in ensuring a

A. Shipping Container Architecture (SCA) in Egypt comfortable indoor environment in the warm climate of the
humid tropics of Egypt. This, of course, has led to an
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absence of CBB construction qualifications in building However, it is impractical to generalize the sustainability
bylaws and regulations. of SCs, since this varies according to their design. A
feasibility study conducted by [17] has found that single-
story CBBs are ineffective and more costly compared to
conventional counterparts, while three-story CBBs are
feasible, less costly, three times faster in construction, and
more environmentally effective than traditional counterparts
[17].

Despite CBBs being integrated construction systems and
prefabricated modules, they surpass prefabs in their
upcycling capability, as prefabs consume energy in the

- ) | B sy b)

Fig.1 (a) A private home constructed by Qubix Studios in Beni Suef, Egypt manufgpturmg process._ . o
[14]. (b) A container lounge in Hacienda , North Coast, Eqyp} Additionally, CBBs, like conventional buildings, can be
provided with green technologies as off-grid constructions.
Il. MATERIAL AND METHOD Many real-world CBBs testify to this possibility, such as the

Port Said is among the most important ports handling 2010 Shipping Container House in Nederland, Colorado, by

e i , X Studio H: T [19].
shipping containers in Egypt. The existence of a surplus of . : . .
SCs in ports necessitates a rethinking regarding their reuse Regarding lifecycle enwrc_mmental qnalysus[l?] .
for other purposes, particularly in architecture. Since concluded through a construction phase lifecycle analysis

research on the environmental performance of SCs in hotthat CBBs have a smaller environmental impact than their

and humid climates is scarce, this paper aims to (1) achieve gonvennonal counterparts, and this was a“”b@ted to
comprehensive understanding of the environmental issuesuPCyC“ng' Reference [1] pointed out that the operation phase

related to SCs and their contribution to reducing the e1°fectsof CBB construction has the predommant I|fecycle impact,
of climate change issue and (2) evaluate the thermalexcept for water use and solid waste generation, with an

performance of CBBs in the hot and humid climate of Port advance age of one hundred years potentially increasing the

Said. For this purpose, this paper has conducted an analytica(?ﬁg(gngfaﬁg \:\éhorleesgfri Zycftgllé t0 a new market in liaht of
comparison between six simulation models: the first base P gateway w in g

model is a traditional brick masonry building, the second is ;E:?(itﬁ:rriﬂ;iceeconoar?tli(éug:fls f([)?].ezgr?c})lm?ézll coggldrtz;(as(je da
an uninsulated SC, and the other four models are SCScountries with ’rgat social ¥1eeds unskilled w)grkerz a lack
insulated with externally selected thermal insulation 9 ’ '

materials based on prior literature. Ecotect has bsedas of building materials, and_ a lack of tools and funding

an environmental simulation program to evaluate the thermalN€CeSSary for the construction process [8]. CBBs also_meet a
performance of these CBB models. The paper has adopte eed_ for emelrlgencyrq lmten][n mouElng land pos_t-dllsalstgr
two main approaches: The first is to evaluate the existingdousmg' as well as shelters for the homeless, particularly in

literature dealing with environmental issues related to CBB gvellzzemgrfﬁ;gmggggd r'gv%'za;t:ghrﬁiléerf tsolt:;t(ljogﬁo[iélsé
construction on a global scale, and the second is to conduct 1 ’ P 9

simulation study aided by Ecotect y allowing construction upon existing buildings or unused
y y ' buildings, as evidenced by the shipping container residences

A. Literature Review at Mill Junction in Johannesburg, constructed upon unused
] ) grain silos [19].
1) The Green Aspect of CBB :Mixed Literature Although the reuse of SCs for building purposes seems to

The reuse of SCs for construction purposes has increasethe a green and sustainable solution, researchers have raised
dramatically in recent times as green alternative. However,concerns regarding sustainability due to the energy required
findings have diverged regarding the sustainability of CBBs. to make SCs habitable, particularly with regard to thermal
Reference [16] has pointed to SCs as ecofriendly and costperformance, incremental costs, and construction difficulties
effective modules [16]. Achieving sustainability through the [1]. The energy required to make SCs habitable is
shipping container architecture (SCA) comes from represented in the processes of sandblasting, window cutting,
“upcycling”, which means obtaining a higher-quality replacing floors, and consuming fuel in transportation, which
product with few modifications [17]. The contribution of impacts the environmental footprint of construction [20].
CBBs in sustainability is thus attributed to reusing and Moreover, other studies have shown that a reduction in
recycling, which reduce embodied energy, carbon footprints,embodied energy among CBBs is uncertain due to the
steel waste, and harmful greenhouse gas emissions [1, 3, &nergy consumed in steel welding and cutting. A study
18]. For example, waste produced onsite by CBB conducted by Olivares (2010) pointed out that CBBs
construction is 70% less than that produced by traditionalconsume more energy and release more carbon than
counterparts [1]. traditional counterparts [4]. Reference [21] has indicated

Reusing SCs for architecture also saves the energythrough a study of Austrian CBB classrooms that the indoor
otherwise consumed in melting and cutting them for environmental performance of CBBs is a little less than their
conversion into decomposing landfill material, as the energy conventional counterparts. Additionally, carbon dioxide
consumed in converting the container into a building is concentration measurements have indicated that the
negligible compared to the energy consumed in converting itconcentration of C@in CBBs is higher than in conventional
into scrap [1].
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buildings. However, this may be attributed to the high Stacking:
occupancy rates of CBBs. According to the literature, the maximum stacking
capacity of SCs ranges between six when fully loaded and
2) Types of SCS_ . 12 when empty [1-4, 16, 25, 26]. However, [27] has claimed
SCs for construction are also called intermodal steelthat there is no limit for vertical SC stacking; stacking
building unit modules (ISBU) [1, 4, 22, 23]. Notably, SCs simply requires structural design calculations for each case
are divided into two types, maritime and domestic. Maritime gpg appropriate reinforcement at the necessary points [27].

SCs are those primarily manufactured for use on ships and iffrom real-life CBBs examples, it has been inferred that
logistics, and these can be stacked up to ten high. Domestigacking ranges from one up to nine stories.

SCs are manufactured for domestic purposes and can be

stacked only to three high. The advent of domestic SCsgiycture and Apertures:

stemmed from an increasing demand for SCs that was not

equivalent to supply [22]. Moreover, while maritime SCs are
not constructed according to building codes [1], both types
should conform to ISO standards, as both are used as ISB

modules [22]. The Transformation of SCs into CBBs is not f

‘T?;id to support the wooden floor [3]. The thickness of the

limited to undamaged SCs. Superficially damaged container
are also valid for construction purposes, as designers ca
choose damaged places for openings, cover damages wit
cladding, or replace damaged areas with new parts [8]
Among the different types of SCs available on the market,
containers manufactured in accordance with ISO standard
should be used for their geometrical and mechanical
properties [3], and specifications of containers used for
architectural purposes should thus conform to 1ISO standard
[24].

3) SC Specifications

Dimensions:

The dimensions of SCs available in the market vary.
Common dimensions used are 6.0, 9.0, and 12.0 m in length
2.4, 2,55, and 2.7 m in height; and 2.4 m for width. For
architectural purposes, SCs with a height of 2.7 m, with a
minimum clear ceiling height of 2.40 m, are used where best
suited in terms of their internal height. Such SCs are known
as high cube (HC), with commercial names ofHZD or
1AAA, at a length of 6.0 m, and 40C or 1CCC, at a length
of 12.0 m [3] (Table I). 2BIC SCs are preferable compared
to 40HC for reuse as CBBs due to their better durability and
lesser cost. In other words, a combination of twéHZ0
containers is better than oneMQ container [4].

TABLE |

20'HC AND 40’HC TECHNICAL STANDARDS

Width (m)
(%aig?;rfg% (door face, front| Height (m)®
Model face)?
External| Internal| External Internal | Externall Interna
dim. dim. dim. dim. dim. | | dim.
20HC 6 5.9 2.4 2.34 2.89 2.71
40HC 12.2 12 2.4 2.34 2.89 2.71

& The difference between the external and internal dimensions is
attributed to corrugation depth. For instance, for ‘&0 one must
deduct 50 mm from the width of each short side and 30 mm from
the width of each lateral face.

b The difference between the external and internal dimensions
comes from the ceiling corrugation depth (about 25 mm), flooring

thickness (28 mm), and steel cross member depth (127 mm) for

both 20HC and 4(HC SCs. Sources: [3, 28, 29].
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Most of SCs are made of weathering steel or corten steel,
which ensures a high corrosion resistance [3, 8, 26]. (The
xception is profile DCP which is made with SM50YA steel.)

onstruction includes the use of trapezoid metal sheets to
orm the walls, the ceiling, and the edges of the box, and a

rapezoidal corten steel sheets for walls and ceiling is 2 mm
, 4], and the depth of the corrugated steel sheets ranges

between 25, 30, and 50 mm, varying depending on SC

model and surface [29]. Deep corrugation provides higher

Snertia and more rigidity [5]. The corners are designed as

rigid elements to support the container and allow for
connection between containers. The door is located on one

f the smaller sides. The standard flooring in an ISO SC is

28 mm thick marine-grade plywood [3] (Figures 2 and3).

Preparation of SCs for CBB construction should take place
in a controlled factory environment. These processes include
all preparatory work, such as disinfection, cleaning, cutting

of door and window openings, creation of joints, surface

preparation and painting, installation of networks, and

tompletion of all necessary details to avoid problems on site.
The containers are then transported to the construction site,
ready and connected. The average lifespan of an SC is
around fifteen years [3].
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Fig.2 Primary structural components for a typical 20" ISO SC [30]

Endwall Panel
(Front Face)

S/

Ventilator

g

Roof Panel

Rear End
Frame

Door Assembly
(Door Face)

Sidewall Panel

Flooring/
/ (Lateral Face)

Joint Strip \

Threshold Plate  5ross Member
Fig.3 The core envelope of a typical 20' ISO SC [30]

Marking Panel



Cost: where in the cost of constructing a single-story SC exceeded
Compared to traditional buildings, SCs are consideredthe cost of a similar conventional house with the additional
relatively cheap due to upcycling [2, 16]. Reference [23] has cost of thermal insulation and transportation. However, the
pointed out that the cost of converting an SC into a building cost of a multistory CBB is quite cloge that of a single-
is less than that of constructing a conventional building, but story conventional building [17].
increasing the interior space and the quality of interior ~The price of an old SC ranges between USD 1,200 and
finishes could lead to the same cost as a traditional buildingUSD 1,600, and a new one does not exceed USD 6,000 [2,
[23]. However, according to [7, 27], numerous exiting CBBs 17, 25]. In China, the cost of a new’l2@ SC ranges
are far worse than their conventional counterparts, being lesdetween USD 2,000 and USD 5,000, while the cost of a
cost effective and not secure for habitation. If cost savings40HC SC ranges between USD 3,500 and USD 7,000.
are achieved, the reduction may be only about 20% Naturally, costs vary from one country to another. However,
compared to conventional buildings, and this comes at thecertain factors affect the cost of old SCs: These are (1) the
expense of human habitation considerations in terms ofgeneral condition of the container in terms of the extent of
thermal and acoustic performan¢g, 27]. The need for its need for maintenance; (2) the age of the container, as
insulation materials, transportation, and installation may companies typically sell the container if its lifecycle exceeds
considerably elevate the cost of construction [4, 17].ten years regardless of its physical condition; (3) the
Nevertheless, factors affecting a comparison between thestructural damage of the container, which reduces the selling
cost of a conventional building and a CBB vary between (1) price in case requiring high-cost reworks; (4) the model of
the availability of old stock containers; (2) new, old, and the SC, such as when utilizing a’'d@ SC instead of a
refurbished container prices; (3) traditional housing prices; 20HC would achieve cost savings and provide more space;
(4) transportation and delivery prices, including crane and (5) the distance between the original site and the
systems; and (5) design space and vertical expansion, sucfelivery location [17].
as by staggering containers to increase space while reducing Table Il shows the advantages and disadvantages of SCs
cost. As well, the vertical expansion of CBBs causes costin terms of issues related to their transformation into CBBs.
savings according to a comparison study conducted by [17]

TABLE II.
PROS ANDCONS OFSCs

1. Strength and durability: SCs bear high loads and resist harsh environmental conditions [3-5, 18, 23, 25]
2. Modularity : They allow flexibility in design [1, 4, 16, 17, 23, 25].

3. Short construction time: They shorten construction times by 40% to 60% over conventional counterparts [1, 8, 16, 17].
4. Simple foundation: SCs are simpler than traditional counterparts [7, 8, 24, 31, 32].

Pros

1. Temperature and humidity: SCs require certain procedures to thermally insulate structural elements and to treat| against
moisture [1, 16, 23, 25, 27].

2. Contamination: Original SC coatings and wood flooring contain harmful chemicals which have to be treated if used in
CBBs [1, 20].

3. Topography: CBBs fit perfectly flat sites. Sloped sites are inappropriate [4]; otherwise, certain procedures are required.

4. Structural reinforcement: The transformation of an SC into a CBB means a significant change in its load-bearing
capabilities; accordingly, it needs to be structurally strengthened [4, 7, 8, 17, 27].

Cons
5. Acoustics: The high density of steel makes sound propagate quite easily, making SCs noisy, as does vertical stacking. This

indicates the need for acoustic insulation [1, 8, 17].

6. Building permits: SCs have not been legislated in building codes so far, which may be attributed to the unfamiliar use of
steel for housing construction or for their unknown structural properties [1, 25].

7. Unpcpularity : The unpopularity and rejection of CBBs may come from their external appearance. This reflects the
significant role of architectural design in fostering a pleasing aesthetic [4, 17, 24].

8. Skilled labor: CBB construction requires skilled labor, which may add to the cost [1, 4, 23, 25].

4) Architectural Strategies for CBBs toward thermal insulation, or reflective painted shed, hip, or gable
Sustainable Design roofing. This is contingent upon the design requirements and

. . o the budget [1]. Architectural treatments involexternal
CBBs, like conventional buildings, need —an ghaging and small windows with low-E glass and/or internal
environmentally conscious design to comply with the pings [34] (Figure 4-e). A rooftop with photovoltaics
prlnc_lples of green architecture _and sustainability. T_he (Figure 4-d) may provide all the energy necessary to operate
architectural strategies that could fit SCs encompass variougp,o heating, cooling, and lighting systems in a CBB, as in the
procedures, reviewed below. Greentainer project in Gandino, Italy [35]. Figure 4 indicates
Living roofs help reduce indoor temperatures on hot days o me architectural measures that contribute to the alleviation
by up to 8%, according to [33]. Different roofing Systems ¢ the thermal loads on the SC body. One significant

could be used, such as double roofing, which can act asneasure to passively ventilate CBBs is crawl space

1117



ventilation, which ensures the movement of air underneathmud is not recommended for rainy environments, as it works
an SC. However, certain types of foundations are suited tobetter in dry and hot climates.

such ventilation systems, such as raised foundations Spray foam insulation ensures a smooth, seamless barrier,
(concrete piers). This type of ventilation protects against which helps prevent corrosion and mold. It is characterized
mold and rot and prevents moisture from leaking to the by speed, flexibility, and a high R-value, signifying its
flooring. This type does not suite humid climates, however, resistance against heat flow. Its only disadvantage is its high
as the external air is wetter. In that case, a dehumidifier as aost. It can be applied on both internal and external walls as
mechanical ventilation tool is more suitable [36]. The next well as floors to prevent moisture. Foam could be painted
section reviews in detail the thermal insulation materials directly to give the final finished look. Rigid insulation
assigned for CBBs. panels entail the installation of studs. Compared to blanket
insulation, insulation panels are faster to install but might be
more expensive. However, they have a high insulating value
for their relatively small depth. Blanket rolls are the cheapest
compared to foam insulation and insulation panels. They too
require stud walls. The most common type of blanket
insulation is rock wool, which may need more care in
handling. If fiberglass is used, preventative measurements
are necessary. Rigid mineral wool is fire resistant, with a
melting point of about 2,000 °F. It is also open to vapor,
which allows moisture to dry and therefore protects against
rust. As well, it is soundproof [33, 39, 43, 44].

External insulation is better than internal [8, 16] for two
reasons. The first is because internal insulation reduces the
internal dimensions of the container [8]. The second is that
external insulation allows the architect to take full advantage
of the container’s thermal inertia. Furthermore, the
insulation should be applied without metal or wood studs, as
they act as cold bridges, creating a reduction in thermal
insulation [16]. Internal insulation can be used if it has a thin
depth, as with multilayer aluminum foil membrane
insulation. In terms of cost, SCs themselves are waterproof.
Thus, external thermal insulation requires adding
waterproofing, which causes additional cost. Moreover,
container stacking reduces the need for thermal insulation
[8]. Table Il illustrates some types of thermal insulations
assigned to SCs.

Fig.4. Architectural strategies towards green cargotecture (roof and wall

insulation): (a) A steel structure with green walls [37]. (b) An SC with Thermal Performance of CBBs in Different Climates:
straw-bale walls [38]. (c) An SC with a green roof [39]. (d) An SC with

solar cells [40]. (e) An SC with double roofing [41]. (f) An underground SC

partially buried with earth [42] a) Cold climates:
Reference [4] has indicated that CBBs are suitable for
Thermal Insulation temperate and cold climates. Reference [8] has compared the

Although the reuse of SCs in architecture is promising, U-value of four different models in the United Kingdom: (1)
researchers have raised significant concerns with theiran uninsulated 2BIC SC, (2) an insulated SC with a
suitability for different climates, as they are manufactured standard insulator, (3) an internally insulated SC with
from steel, a material of high thermal conductivity. In Celotex, and (4) an externally insulated SC with Celotex.
tandem with their susceptibility to condensation, an The results point to a considerable difference between the U-

environment of high humidity requires that SCs have values, encompassing the roof, floor, and walls of the
thermal insulation and a ventilation system to ensure auninsulated SC and the insulated SCs in favor of the latter.

comfortable indoor environment [4]. Reference [21] has compared CBB classrooms with
conventional classrooms in Austria, measuring temperature,
Thermal Insulation compatible with CBBs: humidity ratio, and carbon dioxide concentration. The results

Diverse types of thermal insulations suit metal structures, POINt to a rise in temperature in the coldest month (February)
such as spray foam, rigid insulation panels, blanket and an unexpected decrease in temperature in the relatively
insulations such as rock wool and fiberglass, fibers such ag'ottest month (June) in the CBBs. The researchers attributed
rigid mineral wool, and ecofriendly insulation materials such this to the small windows and high shading due to
as wool, recycled cotton, mud, and straw bales. Despite woolPbstructions around the CBBs. Relative humidity remained
and cotton being ecofriendly insulation materials, they cause@t hormal levels.
condensation and consequently result in corrogiikewise,

1118



TABLE Il
THERMAL INSULATION FOR METAL CONSTRUCTIONS SUGGESTED BY PRECEDENT STUDIES

Insulator Type Specifications Reference
= Glass fiber mat. Botes has compared ISBU housing and conventional housing in a test case using a 100 mm17]
= EPS. glass fiber mat, a 35mm EPS internal insulation and plaster coat finish for the ceiling, and a 35
mm EPS internal insulation for the walls.
= Foil board. A 25 mm layer of foil board attached to the SC’s metal walls works as a thermal breaker, anfil]
= Ceramic coating. A ceramic coating as thermal insulation for steel surfaces can achieve tremendous energy

savings by preventing heat transfer. It can be used as paint, an adhesive, a thermal insulator, and
a noise barrier, and it is fire resistant.

Polyurethane foam works well as an internal insulatongside the ceramic coating as an
external insulator, as that combination further reduces the carbon footprint.

= ccSPF Closed-cell spray polyurethane foam is best suited to CBBs as it is strong and durable. It = [5]
provides an extra sealing for openings and has waterproof resistance, high durability, a high R-
value (15.75), and renewability

= Prodex Total Insulation | Prodex Total Insulation (PTI) is designed specifically for metal structures because it operate§2s

(PTI). a thermal breaker, radiant heat barrier, and vapor barrier at the same time. This insulation
consists of aluminum foil with a polyethylene backing and a surrounding closed-cell
polyethylene foam. The R-value for PTl is 7 for walls and 15.67 for ceilings, with 5mm
thickness.

b) Hot and humid tropical climates

A comparison study conducted between CBBs and
traditional buildings in hot and humid tropical climates has
found that SCs are not inferior to traditional buildings in
terms of thermal insulation [18]. The existence of few
studies on the thermal performance of SCs in different
climates, particularly hot and humid climates, signifies a
need for further research [1, 4]

B. Thermal Performance Assessment

This paper aims to study the construction of CBBs in
Port Said, Egypt, a hot and humid region. The software
used is Ecotect. Since a weather file on Port Said is not
available in Ecotect’s library, the weather file of El Arish
has been uploaded, as it is the closest to Port Said. (The
latitudes of Port Said and El Arish are 31.2653° N,  Fig5 The clear internal dimensions of the six models are the same as
31.1321° N respectively.) To perform a comparison  those of a 2BIC SC
between a conventional building and a CBB in tandem with
exploring the thermal performance of CBBs, this paper has
assessed six models, all single-story one-zone buildings
with two opposite windows on the two lateral faces (north
and south) to ensure natural ventilation and a door on the
door face. The dimensions of all models match those of
20'HC containers (Figure 5).

According to the literature and their individual
properties, the insulation materials to be investigated in the
assessment section were selected as follows: (1) ccSPF was
selected for its high-R-value, moisture resistance, common |
use among steel structures, and renewability; (2) rock wool
was selected because it is vapor open and sound and fire
resistant; and (3) wool and straw were selected since they
are ecofriendly materials (Figure 6). All insulation
materials are assumed to be applied externally to take full
advantage of the clear internal dimensions of the spaces. . © o
The thICkn?sses of the materials .h‘?"e. been Standardlzed to Fig.6 The suggested thermal insulation materials for model cases: (a)
100 mm in all models. The finishing materials vary  extemal rock wool insulation for Model 3 [45], (b) external wool for

according to each insulation material. Model 4 [46], (c) external ccSPF for Model 5 [44], and (d) external straw
for Model 6 [47]
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straw boards. The flooring is standardized in models 2, 3, 4,

Model 1 is a traditional brick masonry building, Model 2
is an uninsulated 28C SC, Model 3 is an externally

5, and 6, whereas the two windows and the door are
standardized in all models. The detailed specifications are
shown in Table IV. The thermal specifications of the

insulated 2MHC SC with rock wool, Model 4 is an

externally insulated 2BC SC with wool, Model 5 is an

materials that do not exist on Ecotect have been uploaded

as shown in Table V.

externally insulated 2BC SC with medium-density ccSPF,
and Model 6 is an externally insulated’2G SC with
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TABLE V

SPECIFICATIONS OFCORTEN STEEL(A) AND CCSPF

Corten steel (a) (ccSPF)
Thermal conductivityW/m.K) 16 (at 100°C}48] 0.024 (at 50°C) [49]
Density (kg/n) 8,000[48] 33[50]
Specific heat (J/kg.K) 500([48] 1,674°

# This is similar to the specific heat of a polyurethane foamed-in-place rig according to Ecotect.

[1l. RESULTS AND DISCUSSION

A. Hourly Temperature Profile (HTP) for the Hottest Day
and the Coldest Day (Average)

According to the HTP for the hottest day (average),
April 30 (Figure 7), Model 1 (brick) heated the internal
space from 10 p.m. to 9 a.m., during which time the inside
temperature increased in a range between 0.5 and 5.4
degrees, while it cooled the internal space in the second
half of the day, during which the difference between inside

and outside temperatures ranged between 9 and 2.2 degrees.maximum

Model 2 (SC without insulation) heated the internal space
all day long. The difference between inside and outside
temperatures ranged between 6.5 degrees at 12 p.m. and
0.7 degrees at 7 p.m.

Model 3 (SC with rock wool) also heated the space but
was better in cooling than Model 1 from 12 a.m. to 4 a.m.
and from 9 a.m. to 10 p.m., when the difference between
the inside and outside temperatures ranged between 10.5
and 2.9 degrees. Although it heated the internal space, it
was better in cooling than was the traditional building. The
thermal performance of Model 4 (SC with wool) was
similar to that of Model 3 (SC with rock wool) to a large
extent, in favor of Model 4. Model 5 (SC with ccSPF) also
heated the space from 11 p.m. to 5 a.m. However, it was
the lowest model in heating. Its cooling period, from 10

a.m. to 9 p.m., was better than the traditional building, but
it was not the best model in cooling, being almost similar
in cooling to Model 3 (SC with rock wool) and Model 4
(SC with wool).

Model 6 (SC with straw) was the best model in cooling,
from 10 a.m. to 6 p.m., with a difference in temperature
inside and outside of 11.4 degrees at 4 p.m. and 2.2 degrees
at 9 p.m. However, it also heated the space from 10 a.m. to
9 a.m. A comparison between all models regarding cooling
in the maximum temperature range outside, from 10 a.m. to
9 p.m., reveals that Model 6 is preferable where the
recorded temperature outside is 39.8 °C.
Ultimately, comparing between all models in terms of the
best in cooling and worst in heating on the hottest day,
Model 5 (SC with ccSPF) is preferable (Table VI).

According to the HTP for the coldest day (average),
January 12 (Figure 8), the lowest temperature recorded
outside was 5 °C at 5 a.m., while the highest recorded
temperature was 13.6 °C at 3 p.m. All models warmed the
internal spaces with the highest indoor temperature being
recorded at 18 °C in Model 2 (SC without insulation).
Excluding Model 2, the highest recorded indoor
temperature was 15.6 °C in Model 5. Thus, the best is
Model 5 (SC with ccSPF), followed by Model 3 (SC with
rock wool) and 4 (SC with wool) (Table VII).

46
44 —
Temp. o / \
40
Model6 33
Model5 36
Model4 34
Model3 32
Model2 30
Modell 28

——Temp outside 26 -

Hour

1 23 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 19

20 21 22 23 24

Fig. 7 HTP for the hottest day (average), April 30
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TABLE VI.

COMPARATIVE ANALYSIS OF THETHERMAL PERFORMANCE OF THESIX MODELS ON THEHOTTESTDAY (AVERAGE)

Total
3 14 5 (16 |17 |18 | 19| 20| 21| 22 v@&ight
(hrs)?

Hour 2

2\2\2\2\2\2\2\2\2\2\ 5

| |
T+ 55 5 [+ o5 |+
2 4alalala \ \ \ \

N 2 2

Model 1
Model 2

)
~

Model3 | 4| 4 | 4 4 2| 2 14| o3
Model4 | 4| 4|4 4 2] 2 | 2 | 78
Model5 | 5|5 |5 5 2| 2 3313183 5|5 |6|6|5|5]6] o3
Model 6 [N 2| 2 5|s5|(5|4|5|6|6|6|6|6|6]4 2 22 B

@The six models were weighed from 1 to 6 and arranged from the least efficient thermal insulation model (with the lowest difference between outside and insi
temperatures) (weighed 1) to the most efficient model (with the highest difference between outside and inside temperatures) (weighed 5 or 6).

19
18
Temp. 17
16
13
Model6
14
Model5 13
Modeld 12
Model3 11
Model2 10
9
Modell g
~———Temp outside 7
6
3
Hour
4 T T T T T \ T T T T T )

1 2 3 4 5 6 7 8 % 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Fig. 8 HTP for the coldest day (average), January 12

TABLE VILI.
COMPARATIVE ANALYSIS OF THETHERMAL PERFORMANCE OF THE SIXVIODELS ON THECOLDESTDAY (AVERAGE)

Model 1

11 1 1 1 1|1 1 1 1 1 1 1 1
Model3 |3 |5 (4 (4 |4|4|4|4 |44 415|544 94
Model4 |34 (3(3|3|3|3|3 |4 4 415|544 101
Model5 |3 (4|43 |4|4|4|4|5]|5 5/14(4|3(3 100

Model6 |4 |3 |4 (4|54 |3|3|3]|3

® The six models were weighed from 1 to 6 and arranged from the least efficient thermal insulation model in heating (the lowest difference between outside
inside temperatures) (weighed 1) to the most efficient model in heating (with the highest difference between outside and inside temperatures) (weighed 5 or ¢
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B. Discomfort Loads Hours (DLH)

Regarding DLH, Model 2 (SC without insulation) has
the highest too-hot, the lowest too-cold, and the highest
total discomfort hours (Figure 9). It is followed by Model 1
(the conventional building). The optimum model is that
with the lowest too-hot and the lowest too-cold discomfort
hours. Model 6 (SC with straw) has the lowest too-hot
discomfort hours but the highest too-cold discomfort hours
among all models, which indicates that it is effective in
cooling on hot days but not effective in heating on cold
days. Models 3 (SC with rock wool) and 4 (SC with wool)
have the lowest too-hot discomfort hours after Model 6 (SC
with straw), but in terms of the total discomfort hours, they
come after Model 5 (SC with ccSPF). The most reasonable
insulation is ccSPF (Model 5), which has the lowest total
discomfort hours and a balance between the lowest too-hot
and too-cold discomfort hours around the year. Straw has a
good cooling effect on hot days but requires the use of a
heating system on cool days, which could interfere with its
sustainability.

C. Thermal Lag and U-value

Thermal lag has been estimated according to the
following formula:

t h 0.53 T | ro#C
(hrs) =0 "27°" [lambdapi«T
T = the period of external variation in hours (taken for 24
hours)
e = thickness (m)
Ro = density (kg/m3)
C = specific heat (kJ/kg K)
Lambda = conductivity (W/m K)
pi=3.14

With regard to the thermal lag for the roof, walls, floor,
windows, and door of the six models (Table VIII), this
paper concludes that Model 2 (SC without insulation) has
the lowest thermal lag and the highest U-value regarding
the roof and walls. This reflects the poor thermal
performance of the uninsulated SC.

The thermal lag of Model 6 (SC with straw) is the
highest among all models including the conventional model.
Nevertheless, its U-value is not the highest (Table IX). The
lowest U-value regarding roof and walls is Model 5 (SC
with ccSPF), followed by Model 3 (SC with rock wool).
The thermal lag of the floors for all SC models is less than
that of the conventional building. This indicates the need
for the traditional floor of SCs to be insulated, particularly
as SCs have steel cross members.

12000 =
o
f¥a]
=
=
10000 ]
=
O
™~
8000 =
BTooh N
o0 hot (hours) 6000 - - = g %
BToo cold (hours) ol e = i = =
=T =1 o [ o~ —
OTotal hours = ¥ = = = 7
Loh]
2000 - p= —
2 - o0 -
3 Z :
0 - T T . L
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Fig. 9 Total discomfort hours for the six models
TABLE VIII
THERMAL LAG (HRS) FOR THESIX MODELS
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Roof 6.97 0.023 5.745 51 4.523 7.2
Walls 0.67 0.023 5.745 51 4,523 7.2
Floor 5.688 2.92 2.92 2.92 2.92 2.92
Window 0.189 0.189 0.189 0.189 0.189 0.189
Door 0.332 0.332 0.332 0.332 0.332 0.322
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TABLE IX

U-VALUE (W/M?.K) FOR THESIX MODELS

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Roof 0.97 5.61 0.3 0.43 0.23 0.51
Walls 2.49 5.61 0.43 0.43 0.23 0.51
Floor 1.48 1.74 1.74 1.74 1.74 1.74
Window 5.44 5.44 5.44 5.44 5.44 5.44
Door 2.5 2.5 2.5 2.5 2.5 2.5

D. Passive Gain Breakdown PGB Analysis (PGBA)

Regarding gain from January 1 to December 31 (Figure
10), sol-air is the largest contributor to gain in Model 2 (SC

solar is the largest contributor to gain in Models 3, 4, 5, and
6, followed by internal. Regarding loss, the largest
contributor in all models is external fabric (conduction),

followed by ventilation (Figure 11).

without insulation), followed by Model 1 (brick). Direct

90 =
oo
80
70
B Fabric 60
B Sol-Air Temp. 50
M Direct Solar
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H Inter-Zonal 20
10
0
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Fig. 10 Comparative PGBA (gain) for the six models
120
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\0
100 & <
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Model 2
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IV. CONCLUSION

This paper presents a thermal performance analysis of
CBBs in Port Said, Egypt, a hot and humid climate. The
selection of thermal insulation materials in this study is
based on the literature concerning SCA and CBBs. These
insulation materials

include rock wool

Fig. 11 Comparative PGBA (loss) for the six models

and ccSPF

tandem with ecofriendly materials such as wool and straw.
All materials are used as external layers with 100 mm
thickness. This paper has conducted a simulation study of
six models, including a base model with brick masonry, an
SC without insulation, SC with rock wool, an SC with

wool, an SC with ccSPF, and an SC with straw. The results

in of this paper assert that the need for thermal insulation in
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SCs is indispensable for habitation. The most compatible
thermal insulation for CBBs in the hot and humid climate
of Port Said is ccSPF, which has the lowest total
discomfort hours, with a balance between the lowest too-
hot and too-cold discomfort hours around the year. It is
followed by straw, which has a good cooling effect on hot
days but requires a heating system on cool days, which
could interfere with its sustainability. Augmenting the
thermal performance of CBBs, the traditional floor of SCs
requires thermal insulation, as do the walls and ceilings,
which have steel cross members and air gaps.
Underpinning the reviewed literature regarding the
energy requirements and environmental impadt€BBs
is a conflict of judgments, opinions, and results even

among those studies based on measurements. This paper

suggests significant issues that should be highlighted:
Further studies might focus on the financial feasibility and
cost effectiveness of a specific CBB, a life cycle
assessment of the whole lifespan of a particular CBB, the
fundamental or modest changes that occur in the structure
of CBBs as a result of design requirements, and the
development of norms to be appended to building codes
regarding the construction of CBBs.
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