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INTRODUCTION
According to the Bill of Rights in the 
Constitution of the Republic of South 
Africa (RSA 1996), “Everyone has the 
right to have access to adequate housing”. 
To this end the government introduced 
the Reconstruction and Development 
Programme (RDP). With an increase 
in population, housing is becoming a 
significant problem. The total number 
of households increased from 9 million 
in 1996 to 16.9 million in 2016, of which 
79.2% lived in formal dwellings, 7% in 
traditional dwellings and 14% in informal 
dwellings, as classified by Statistics South 
Africa (2016). It is clear that there is a 
housing shortage in the country. However, 
developing low-density buildings that are 

inexpensive to build and uncomfortable to 
live in, is not sustainable.

The National Department of Human 
Settlements (NDHS) in South Africa 
launched a new approach for the sus-
tainable delivery of housing under the 
Integrated Reconstruction and Development 
Programme (IRDP) initiative. The third 
phase of the Joe Slovo project was the flag-
ship of this initiative for more sustainable 
housing, with 2 886 subsidised homes on 27 
hectares (NDHS 2013). Despite the improve-
ment in living conditions, illustrated in 
Figure 1, the project also focused on sustain-
able energy interventions, such as solar water 
heaters and energy-efficient lighting. The 
most significant change, however, was the 
optimised thermal design, which included:
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In the quest for sufficient and comfortable housing in South Africa, attention to building 
orientation and thermal transmittance principles has significantly improved thermal 
performance in local houses. Thermal simulation and monitoring of houses in the Joe Slovo 
Phase Three development in Cape Town confirms improved performance by solar radiation 
blockage and shading. This paper simulates the thermal performance of a housing unit in this 
development. The house was instrumented with thermocouples, and monitored from March 
to December 2013 by Sustainable Energy Africa in collaboration with the National Department 
of Human Settlements. Sustainable Energy Africa reported significant improvement when 
compared to a nearby traditional Reconstruction and Development Programme house that 
had been monitored during the same period. With the benefit of the monitored thermal data, 
complete drawings, and specification details of the Joe Slovo Phase Three unit, the current 
research modelled and calibrated a simulation model in DesignBuilder. DesignBuilder was 
selected given its accreditation status for Green Star Rating of buildings in South Africa. An 
additional motivation for investigating this unit was the availability of recorded weather data 
from the nearby Cape Town International Airport, captured in the DesignBuilder climate data 
base for 2013, which was assumed relevant in lieu of complete weather station data measured 
at the location of the housing unit. The study aimed to simulate the monitored temperatures 
in the house with acceptable agreement, and to investigate further potential improvement in 
occupant thermal comfort by alternative 3D-printed concrete walling developed by the authors. 
Systematic finite element analysis (FEA) iteratively solved cavity radiation and convection 
in wall cavities to calibrate thermal transmittance parameters for DesignBuilder. The FEA 
results acceptably simulated temperatures monitored in this physical wall experiment. The 
calibrated DesignBuilder model simulated the indoor temperatures of the monitored house with 
acceptable agreement, and predicted significant improvement in occupant thermal comfort if 
the walls were 3D-printed with a particular cross-sectional design.
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 Q A double-storey design that improves 
population density and allows for 
dual living spaces, with the upstairs 
space being slightly warmer than the 
downstairs.

 Q Roof overhangs that provide partial 
shade on windows during summer 
while allowing solar gain during winter.

 Q Inside living spaces that are oriented to 
be north-facing as per the SANS 10400-
XA:2021 recommendations (SANS 
2021). This orientation allows other 
rooms to screen the unwanted western 
sun and prevent heat loss on the south-
facing façades.

 Q Ceiling insulation and external façade 
plaster and paint to improve the ther-
mal comfort for occupants by reducing 
the global thermal transmittance of the 
building.

The NDHS (2013) confirmed improved 
indoor thermal conditions by instrument-
ing and monitoring a Joe Slovo house and 
an older RDP house in close vicinity for 
the periods March to December 2013, 
and March to October 2013 respectively. 
The research leading to this paper aimed 
at developing a computational model-
ling strategy for the prediction of indoor 
thermal conditions in local houses, towards 
proposing further potential improve-
ments. The objectives of the study were: 
(i) to model thermal conduction, radiation 
and convection to reasonable accuracy, 
including those in wall cavities typical of 
these structures, (ii) to compute equivalent 
thermal transmittance coefficients for 
cavity wall systems, required (iii) for use in 
a commercial building thermal simulation 
package (DesignBuilder 2022) that enables 
realistic modelling of a complete house, 
its surroundings relevant to its thermal 
performance, as well as weather condi-
tions over the period of study, and (iv) to 
quantify the occupant thermal comfort of 
the Joe Slovo house and further potential 
improvement should 3D-printed concrete 
walls replace the actual cavity walls of 
this house.

BACKGROUND

Thermal comfort for occupants
Thermal comfort is a duration value of the 
period of time that occupants feel com-
fortable indoors, based on humidity and 
temperature. It was used in this research 
to quantify the possible improvement in 
comfort for occupants of the proposed 

3DPC (three-dimensional printed 
concrete) housing. Thermal comfort in 
buildings is challenging to define since it 
depends on the occupant’s perception of 
comfort. While temperatures in the range 
18°C to 24°C are generally considered 
appropriate for health and thermal com-
fort (Ormandy & Ezratty 2012), adaptive 
thermal models have been proposed by De 
Dear and Brager (1998) and standardised 
in ASHRAE Standard 55 (2020) and BS 
EN 16798-1:2019 (BS 2019).

ASHRAE Standard 55 (ASHRAE 
2020) – on the Thermal Environmental 
Conditions for Human Occupancy – con-
cludes that thermal comfort for occupants 
in an environment depends on six factors, 
namely metabolic rate, clothing insulation, 
air temperature, radiant temperature, air 
speed, and humidity. The metabolic rate 
of occupants is their effective sensible heat 
loss to the environment. On average, this 
is 75 W per person according to ASHRAE 
Standard 55 and can range from 235 W for 
intense physical exercise to 40 W during 
sleep. Clothing worn by occupants can 
act as insulation. Walking shorts with a 
short-sleeved shirt have a factor of 0.36 
insulation, while trousers with a T-shirt 
and long-sleeved sweater have a factor 
of 1.01 (ASHRAE 2020). These first two 

factors are characteristics of the occupant 
and can be self-adjusted. The remaining 
four factors are conditions of the thermal 
environment and are generally dependent 
on the building envelope.

De Dear and Brager (1998) developed an 
adaptive thermal comfort model. The pri-
mary assumption was that people in warm 
climate zones would prefer warmer indoor 
temperatures than people in cold climates, 
i.e. a reduced difference between indoor 
and outdoor temperatures. For naturally 
ventilated buildings, an environment is 
seen as comfortable when the operative 
temperature is within either the 80% or 
90% acceptability range of a linear regres-
sion predicted ideal operative temperature, 
as per Figure 2.

In South Africa, there is a lack of guid-
ance as to designing for occupant comfort. 
The South African Bureau of Standards set 
out SANS 204:2011 for energy efficiency in 
buildings (SANS 2011) and SANS 10400-
XA:2021 for energy usage in buildings 
(SANS 2021). These regulations make 
design recommendations for the building 
orientation, thermal performance of floors, 
walls, windows and roof elements, building 
sealing and air infiltration, and building 
services and air conditioning systems. The 
building should ideally be orientated with 

Informal shacks IRDP improved 
buildingsRDP buildings

Figure 1  Significantly improved living conditions in South Africa (NDHS 2013)
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Figure 2  Adaptive model for naturally ventilated buildings (reworked from De Dear & Brager 1998)
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the most used living spaces facing north. 
For the coastal region from Cape Town 
to Gqeberha (previously Port Elizabeth), 
the minimum thermal resistance of 
1.9 m2K/W and a thermal capacity and 
resistance product of 80 hours are pro-
posed for façades with a surface density of 
less than 270 kg/m2, such as the material 
used in this research. Modelling conditions 
such as ambient temperatures ranging from 
19°C to 25°C, average sensible heat gain per 
person of 75 W, and occupant behaviour 
are also proposed.

Thermal energy transfer
The principle of energy conservation is used 
in finite element analysis (FEA) to model 
the heat transfer through a wall with cavi-
ties. Thermal energy in the form of ambient 
temperature and solar radiation is applied 
to the external face of the wall. The energy 
is absorbed by the wall dependent on the 
surface area, surface roughness, solar emis-
sivity and thermal conduction. Through the 
three heat transfer mechanisms (conduction, 
convection and radiation), the energy is then 
transferred to the inner face and internal 
environment. The principle of energy balance 
should hold throughout this process without 
any energy loss in a controlled environment, 
as per Equation 1, where q is the heat flux 
through a unit area (Bergman et al 2011).

qexternal = qwall = qinternal

qsolar rad + qext temp = qconduction +  
qconvection + qradiation = qint temp + qint rad (1)

A 2D approach is taken to simplify the 
problem. The section is homogenous 
in height and the only variable to be 
accounted for is the convection inside the 
cavities. Due to the height of the walls, 
natural convection will occur with warmer 
and less dense air moving up in the cavity, 
and colder, more dense air moving down, 
accounted for by calculations of the con-
vective heat transfer coefficient.

Conduction interaction
The conduction interaction can be derived 
as thermal energy flowing through a solid, 
or through stationary fluid. Fourier’s law 
describes the thermal energy flowing 
through the solid parts of the section 
as expressed in Equation 2 (Bergman et 
al 2011), where the product of thermal 
conductivity and temperature difference 
between two connected nodes in the sec-
tion is calculated.

qconduction = –kA 
dT
dx

 (2)

Where: q is the heat flux (W), A is the 
surface area that is exposed to the heat flux 

(m2), and 
dT
dx

 is the negative temperature 

gradient due to thermal energy dissipation 
through the solid (K/m).

Convection interaction
The convection interaction of moving fluid 
in contact with a surface or in cavities can 
be represented by Equation 3 (Bergman et 
al 2011):

qconvection = hA(T∞ – Ts) (3)

Where: h is the convection heat transfer 
coefficient (W/m2K) and (T∞ – Ts) refers 
to the difference between surface and fluid 
temperatures, respectively (K). The convec-
tion heat transfer coefficient is the only 
unknown and depends on the conditions in 
the boundary layer, influenced by surface 
geometry, the nature of fluid motion, 
and fluid thermodynamic and transport 
properties.

For calculation of the convection heat 
transfer coefficient, two conditions exist – 
either forced convection where air is driven 
by external factors (such as an HVAC 
system, frontal wind, and convective macro 
environmental wind), or natural convec-
tion where air is driven by temperature 
differences. On the external surface of the 
façade air is driven by the wind and forced 
convection is used. In the façade internal 
cavities, no external driving factors are 
present and natural convection is used. On 
the internal face where no external driving 
factors or cavities are present, a maximum 
heat transfer coefficient of 25 W/m2K is 
applied according to Bergman et al (2011). 
The coefficient can be solved from the 

Nusselt (Nu) number according to Table 1, 
dependent on either the Reynolds number 
(Re), or the Grashof (Gr) and Prandlt (Pr) 
numbers. These can be calculated from 
Equations 4 to 7:

Nu = 
hl
k

 (4)

Re = 
pu∞l

μ
 (5)

Gr = 
glβ∆T

v2
 (6)

Pr = 
v
α

 (7)

Where: l is the height of the wall (m), u∞ is 
the average wind velocity on the external 
face of the façade (m/s), β is the inverse of 
air temperature (K), ∆T is the difference 
in air and surface temperatures (K), and 
k, v, α, ρ and μ are the thermophysical 
properties of air at atmospheric pressure 
and 300K.

Radiation interaction
The radiation interaction is presented by 
Equation 8 (Bergman et al 2011):

qradiation = σAε(T1
4 – T2

4) (8)

Where: σ is the Stefan-Boltzmann constant 
of 5.67 × 10–8 W/m2K4, ε is the emissivity 
of the surface from which the radiation is 
emitted, and T1 and T2 are the surface or 
environment temperatures (K).

Steady state
When a system is in steady state, the 
conservation-of-energy principle is satisfied 
where the energy into a system is equal to 
the energy out of the system and no energy 
is created or lost. Equation 1 must therefore 

Table 1 Calculation of Nusselt number (Bergman et al 2011)

Situation Nu

Forced convection 

Laminar flow, parallel to flat plate (20 < Re < 3 × 105) 0.66 Re ¹∕₂ Pr ¹∕₃

Turbulent flow, parallel to flat plate (Re > 3 × 105) 0.037 Re⁴ ∕₅ Pr ¹∕₃

Natural convection 

Laminar flow, vertical flat plate (104 < Gr ∙ Pr < 109) 0.59 (GrPr)¹∕₄

Turbulent flow, vertical flat plate (Gr ∙ Pr > 109) 0.13 (GrPr)¹∕₃

Laminar flow, hot horizontal plate (105 < Gr ∙ Pr < 2 × 107) 0.54 (GrPr)¹∕₄

Turbulent flow, hot horizontal plate ( 2 × 107 < Gr ∙ Pr < 3 × 1010) 0.14 (GrPr)¹∕₃
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be satisfied, but with the time-dependent 
specific heat term included. Without, 
the problem has no intrinsic meaningful 
timescale. This is why a transient analysis 
is used with the backward Euler method 
which is unconditionally stable for linear 
problems to determine when steady state is 
reached (Dassault Systemes Simulia 2020). 
In this transient analysis, external tempera-
ture and solar flux are applied at specific 
time intervals, but since the heat flux in the 
cavities is unknown, an iterative approach 
is required.

Determining thermal transmittance
The thermal transmittance was calculated 
by computationally simulating the Hot Box 
procedure according to ASTM C1363:2014 
(ASTM 2014). This value effectively quanti-
fies the amount of thermal energy that is 
transferred through the section. It is calcu-
lated from Equation 9:

U = 
Q

A ∙ (tenv,h – tenv,c)
 (9)

Where: U is the thermal transmittance 
of the section (W/m2K), Q is the average 
time rate of heat flow (W), A is the area on 
which the external temperature and solar 
flux is applied (m2), and tenv,h and tenv,c are 
the ambient temperatures on the hot and 
cold surfaces, respectively. The thermal 
resistance (R) is the reciprocal value of 
thermal transmittance.

Joe Slovo Phase Three
Block 6 on the northernmost land was 
selected for analysis in this research. The 
building was constructed to comply with 
the regulations of the National Home 
Builders Registration Council (NHBRC) 
of South Africa. It consists of six double-
storey 50 m2 apartments, each comprising 
a living area, kitchen and bathroom down-
stairs, and two bedrooms upstairs.

Floors
The 75 mm thick ground-floor slab is con-
structed of 10 MPa cube strength concrete 
on 250-micron membrane and a 150 mm 
layer of compacted subsurface. The first-
floor slab is a hollow core precast class 
25 MPa concrete slab with a maximum 
stone size of 6 mm. The slab bears on the 
walls with a 90 mm overlap.

Roof
The roof is covered with Widedek 
Zincalume sheets with a Colourbond 

finish. All overhangs are at least 500 mm to 
provide additional shade. The 4 mm Nutec 
ceilings are at the minimum height of 
2.4 m and insulated with 40 mm Isotherm 
mineral wool.

Windows and doors
All windows consist of 3 mm thick plane 
glass following SANS 10400-N:2012 
(SANS 2012) with 10 mm Cliscoe-type 
steel window frames. The external doors 
are of 40 mm hardwood and the internal 
doors are of 40 mm masonite-faced hollow 
flush panels.

Walls
The external ground-floor loadbearing 
walls are compressive strength class 7 MPa, 
140 mm wide hollow blocks, while the 
first-floor walls are class 3.5 MPa following 
SANS 10400-K:2015 (SANS 2015). The walls 
are plastered with a 12 mm mortar and 
painted with two coats of water- resistant 
acrylic paint externally. The internal parti-
tions are 90 mm wide masonry blocks.

Thermal performance 
and monitored data
In December 2013 the Department of 
Human Settlements in South Africa, in col-
laboration with Sustainable Energy Africa, 
released a case study report on the lessons 
learnt from the project after the thermal 
performance was monitored to evaluate the 
improvement over traditional RDP build-
ings (NDHS 2013). From the study, it was 
clear that the thermal performance had 
significantly improved under the new IRDP 
initiative. The temperature peaks were 
reduced by between 4°C and 5°C for both 
summer and winter periods, as illustrated 
in Figure 3.

3D-printed concrete
Typical RDP buildings are constructed 
using traditional masonry methods, which 
are unproductive in terms of labour and 
time. Three-dimensional (3D) printed 
concrete (3DPC) construction and the 
rapid shift to 3D building information 
modelling (BIM) mitigate these problems 
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Figure 3  Daily average measured temperature during (a) the summer and (b) the winter period 
(NDHS 2013)
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by the high-precision and versatile nature 
of construction from digital models that 
inherit all construction details. This can be 
seen as the fourth industrial revolution for 
construction (Kruger 2019).

3DPC construction is generally per-
formed by depositing printable concrete 
through a nozzle in a three-dimensional 
environment by moving on a gantry sys-
tem. This enables a wide range of intricate 
wall cross-section geometries that can be 
constructed, each with a different thermal 
transmittance. Marais et al (2021) found 
that a façade geometry with cavities of 
20 mm in width performs better thermally 
than a solid façade of the same lightweight 
foamed concrete (LWFC), due to the low 
conductivity relative to heat transferred 
by cavity convection and radiation. The 
difference in thermal properties of LWFC 
(Marais et al 2021) and typical dense con-
crete (CIBSE 2006) is illustrated in Table 2. 
This renders a façade section with a higher 
number of thin cavities to perform better 
than one with a few larger cavities. An 
overall void-to-façade footprint ratio of less 
than 50% is recommended.

FINITE ELEMENT ANALYSIS 
OF HEAT TRANSFER 
THROUGH CAVITY WALLS
This section covers the development of 
an appropriate finite element analysis 
(FEA) approach for heat transfer through 
cavity walls, appropriately incorporating 
conduction, as well as cavity radiation and 
convection. The simulation is validated 
against measured data from a physical 
experiment on a 3DPC wall containing large 
cavities. Subsequently, equivalent thermal 
transmittance values of cavity walls are 
determined computationally with the FEA 
approach. Commercial thermal simulation 
packages that enable simulation of complete 
buildings and relevant surroundings require 
transmittance values. DesignBuilder (2022) 
has predetermined transmittance values for 
typical wall types, most appropriately deter-
mined by physical testing. However, those 
of non-standard wall types, in this case 
3DPC walls with intricate cross-sectional 
shapes containing non-standard cavities and 
arrangements, are not available.

Methodology
In this research, different wall geometries 
from literature and a reference solid sec-
tion illustrated in Figure 4 were analysed, 
all manufactured from lightweight foam 

concrete (LWFC). For consistency, ±140 
mm thick sections were used for all geom-
etries, similar to the analysed hollow con-
crete blocks used for the Joe Slovo house.

Applied ambient temperature 
and solar heat flux
From the nearby Cape Town International 
Airport’s measured meteonorm weather 
data, included in the DesignBuilder (2022) 
database, a three-day average ambient 
temperature and solar heat flux were 
calculated for 15-minute increments. This 
data could then be applied in a transient 
response analysis where environmental 
loads are applied at specific time incre-
ments. The ambient temperature was used 
as reference for convection and radiation 
(qconvection + qradiation), while the solar 
heat flux was applied as a surface heat flux 
(qsolar rad) on the external face.

Steady state
For the first iteration, the external tempera-
ture and solar flux were applied to a system 
that had a predefined temperature of 20°C, 
but the convection interaction could not be 
applied to the internal cavities since their 
temperatures were unknown. The radiation 
interaction was still applied to internal 
closed cavities because the temperature 
changes linearly through the cavity based on 

radiation viewfactors. The resultant surface 
temperature could then be used for input of 
the convection interaction of internal cavi-
ties in the second iteration. This procedure 
could be followed until the internal surface 
of the section reached steady state, occur-
ring when there was no, or an acceptably 
small, change in temperature at the internal 
surface between successive iterations. A 
Python script was developed for this itera-
tive process.

Results and discussion
An example of steady state reached after 
five iterations for configuration g during 
summer is given in Figure 5. It can be seen 
that the maximum internal temperatures 
of trial four and trial five are consistent 
when rounded to one decimal.

The thermal transmittance of each 
configuration wall cross-section, calculated 
with the FEA procedure described above, is 
summarised in Table 3. The configurations 
are as per Figure 4 for a summer period, 
winter period, and an average with differ-
ent thicknesses and rotations. The thermal 
transmittance, thermal resistance, and 
time constant are indicated on three-point 
colour scales where green is the best, and 
red the worst, respectively.

Closer investigation was done on con-
figuration g since it had the lowest thermal 

Table 2 LWFC and dense concrete thermal properties (CIBSE 2006; Marais et al 2021)

LWFC Dense concrete

Density 1 400 kg/m3 2 300 kg/m3

Specific heat 1 100 J/kg°C 1 000 J/kg°C

Thermal conductivity 0.3708 W/mK 1.63 W/mK

Surface emissivity 0.85 0.9

(a) (b) (c) (d)

(e) (f) (g)

Figure 4  Different sections analysed: (a) solid reference, (b) hollow concrete block, 
(c) symmetrical triangles, (d) single triangle, (e) single triangle rotated by 180°, (f) double 
triangle, (g) double triangle rotated by 180° (not to scale)
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Figure 5  Example of steady state reached after five iterations
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Table 3 FEA results for each configuration

Configuration (Figure 4)
Façade thickness 

(mm)
3DPC-nozzle 

thickness (mm)
U (W/m2K) R (m2K/W) CR (hrs)

a – Summer

250 Solid

1.4350 0.6969 74.5279

a – Winter 1.4307 0.6990 74.7490

Average 1.4328 0.6979 74.6383

b – Summer 

140 35

5.6140 0.1781 10.6677

b – Winter 5.4992 0.1818 10.8905

Average 5.5566 0.1800 10.7779

c – Summer

250 35

1.4249 0.7018 75.0562

c – Winter 1.2781 0.7824 83.6744

Average 1.3515 0.7399 79.1313

c – Summer

145 20

2.0025 0.4994 30.9748

c – Winter 1.7793 0.5620 34.8612

Average 1.8909 0.5288 32.8033

d – Summer

180 35

1.7204 0.5812 44.7558

d – Winter 1.5945 0.6272 48.2925

Average 1.6574 0.6033 46.4569

d – Summer

145 20

2.3990 0.4168 25.8561

d – Winter 2.0981 0.4766 29.5635

Average 2.2485 0.4447 27.5858

e – Summer 

145 20

2.4274 0.4120 25.5534

e – Winter 2.1189 0.4719 29.2734

Average 2.2731 0.4399 27.2872

f – Summer 

250 20

1.1981 0.8347 89.2630

f – Winter 1.0417 0.9600 102.6662

Average 1.1199 0.8930 95.4966

f – Summer 

145 20

1.6212 0.6168 38.2594

f – Winter 1.5373 0.6505 40.3481

Average 1.5793 0.6332 39.2760

g – Summer 

145 20

1.6014 0.6244 38.7324

g – Winter 1.5383 0.6501 40.3221

Average 1.5699 0.6370 39.5113
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transmittance compared to all ±140 mm 
thick configurations. The temperature 
curves illustrated in Figure 6 can be com-
piled for locations throughout the section 
to clearly see the reduction in temperature 
from the outside to the inside surface.

From Table 3 it is clear that configura-
tion g performed the best when comparing 
sections similar in thickness to the existing 
140 mm hollow concrete blocks of the 
selected baseline building. The thermal 
transmittance of the existing building 

façades, configuration b, can be reduced 
by 71.5% from 5.6 to 1.57 W/m2 if replaced 
with configuration g. Comparing configura-
tion d and e concludes that more cavities 
throughout the section and layering sections 
on each other reduce the thermal resistance.

From Figure 6 it is also clear that all 
cavities and surfaces of configuration g 
reach steady state after about three hours. 
From comparing the temperature differ-
ence between the exterior and cavities 
numbered 1 and 2 respectively in Figure 6, 

and the temperature difference between 
cavities 1 and 3, it is clear that there is a 
greater temperature reduction to cavity 3 
than to cavity 2. The concrete filaments 
bounding the number 2 cavity conducts 
heat at 45° angles through the section. The 
diagonal concrete bridge affects cavity 3 
less, and thus results in a greater tem-
perature reduction. The large temperature 
reduction between the node 2 and 4 cavi-
ties proves that the layering of two sections 
is effective.
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Validation

Experimental setup
Physical testing of configuration c (see 
Table 3) was done to validate the FEA in 
collaboration with colleague Heidi Christen 
at Stellenbosch University (Christen et al 
2023). The test setup was designed with 
one surface of the façade exposed to solar 
radiation and external ambient tempera-
ture, while the other was completely insu-
lated as per the cross-section illustrated in 
Figure 7(a). For the testing to be as accurate 
as possible, the insulated part should add 
as little heat gain as possible. A 40 mm 
polystyrene insulation was used all around 
to reduce additional heat gain or loss by 
conduction through these sides. Type T 
thermocouples (Energi Solutions @ Africa 
2015) were placed in the cross-section, as 
seen in Figure 7b. These thermocouples 
had a measuring accuracy of 0.5°C when 
connected to a 34980A BenchLink 
Data Logger.

The FEA methodology described in 
the previous section was then followed to 
perform an analysis under similar circum-
stances using the measured solar radiation 
and external ambient temperature from 
the adjacent Sonbesie Weather Station 
(Meijers 2021). The temperatures of the 
same nodes were then compared using the 
Pearson correlation coefficient according to 
Equation 10:

r = 
∑(xi – x )(yi – y )

√∑(xi – x )2 ∑(yi – y )2
 (10)

Where: r is the correlation coefficient, xi 
are the values of the test sample, x  is the 
mean of the test sample, yi are the com-
puted values of the FEA sample, and y  is 
the mean of the FEA sample.

Results
The physical test data and results from 
the last 24 hours of FEA are presented in 
Figure 8 for comparison. Only nodes 8, 
2, 12, 3 and 11 (refer to Figure 7(b)) are 
compared, since they represent a straight 
line of thermal energy transference through 
the cross-section. The same colour and line 
markers represent the same nodes. The solid 
lines with abbreviation T represent the data 
from physical testing, and dashed lines with 
abbreviation A represent the data from FEA. 
The calculated Pearson correlation coef-
ficient for the last 24 hours is summarised 
in Table 4. The correlation is shown on a 

three-point colour scale where green is the 
best correlation and red the worst.

Discussion
A reasonable correlation was found 
between the physical test data and FEA, 
with average Pearson correlation coefficient 
of 0.83. From Figure 8 the temperatures for 
the tested and analysed data sets correlated 
well, with maximum and minimum peaks 
accounted for. The gradients, representing 
the change in temperature between time 
steps, were constant and of similar shape. 
From Table 4 it is clear that the tempera-
tures on the external surface (nodes 8 and 
9) correlate well with a correlation coef-
ficient of 0.95. This is expected, since the 
ambient conditions were applied there. As 

the thermal energy was conducted to the 
internal surface, the correlation reduced to 
0.79 at node 11, which is still acceptable.

DESIGNBUILDER SIMULATION 
OF THE JOE SLOVO HOUSE
Following from the FEA of integral façade 
parts, the resulting equivalent transmittance 
properties were incorporated in full build-
ing simulations to conclude on the thermal 
comfort levels in the Joe Slovo house, and for 
the case of replacing the cavity walls with 
3DPC façades. State-of-the-art DesignBuilder 
software can be used to determine thermal 
comfort for occupants of buildings, approved 
by SANS 10400-XA in South Africa 
(DesignBuilder 2022; SANS 2021).
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Figure 7  Thermal testing: (a) setup of 3DPC façade element shape c, and (b) placement of 
thermocouples central in the 3DPC element
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Methodology

Environment modelling
Site modelling involves modelling of the 
building layout, orientation and location, 
ground temperatures, weather condi-
tions, and stipulating adjustment factors 

influencing the weather conditions. Since 
the meteonorm weather data supplied 
by DesignBuilder (2022) was measured, 
no weather adjustment factors had to be 
applied. The building and neighbouring 
buildings that could cast shadows or radiate 
heat, as seen in Figure 9, were also modelled.

Construction
Specific details of the existing construc-
tion elements according to the construc-
tion drawings were reported and modelled 
according to CIBSE Guide A 2006 (CIBSE 
2006) for the baseline building. This 
guide is useful, with a wide range of 

Table 4 Pearson correlation coefficient calculated per node

Testing Abaqus
Pearson 

correlationNode
Average

(°C)
Standard 

deviation (°C)
Node

Average
(°C)

Standard 
deviation (°C)

T1 21.5232 3.4882 A1 22.1916 3.3038 0.8231

T2 23.4041 7.2287 A2 24.0544 7.7907 0.9225

T3 20.9472 1.9899 A3 20.9203 1.4780 0.7686

T4 20.6220 1.6972 A4 20.6024 1.2116 0.7461

T5 20.7425 2.7265 A5 21.7719 2.6224 0.7327

T6 21.4905 4.6061 A6 22.6743 4.1950 0.8158

T7 23.0884 8.9471 A7 24.6098 9.1879 0.9180

T8 24.2907 12.1098 A8 25.6622 11.9988 0.9462

T9 25.0053 11.7339 A9 25.9077 12.8926 0.9495

T11 21.2114 1.6709 A11 20.2202 0.9441 0.7893

T12 22.1620 3.6243 A12 22.3199 3.6195 0.8329

T13 20.8611 2.1706 A13 20.8931 1.5356 0.6969

T14 23.4890 8.3177 A14 24.1003 7.6985 0.8955

Average 0.8336
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Figure 8  Temperature comparison between testing (T) and FEA (A) results
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material properties to be used, and is also 
adopted by the DesignBuilder software for 
default parameter values. The elements 
were then constructed in layer formats 
according to Table 5 where layer 1 is the 
outermost layer. These layers were parallel 
to each other with different thicknesses 
perpendicular to the thermal energy 
transfer direction. In Table 6 the mate-
rial properties are quantified to be used 
in the layered construction. The 3 mm 
thick glass, excluding the window steel 
frame, had a solar transmittance factor of 
0.837, and all other material had a surface 
emissivity of 0.9 according to the CIBSE 
Guide A (CIBSE 2006). The steel frames 
of relatively high thermal conductivity 
were a concern for thermal bridging. 
Nevertheless, their equivalent transmit-
tance was simulated in the model.

Natural ventilation from open win-
dows and doors can be controlled in 
the software, but was not specified for 
this simulation. The opening of doors 
was assumed to follow occupancy, while 
windows were assumed to be closed at all 
times. Air could still filter into or out of the 
building through construction gaps and 
was assumed to be constant at 7 m3/hm2, 
similar to Meyer (2022).

3DPC walls
Since the geometry of the 3DPC walls can-
not be layered parallel as easily, alternative 
methods were used to transform the configu-
rations into a layered format, as required by 
DesignBuilder. The thermal transmittance 
values were calculated for these methods 
in DesignBuilder and compared with FEA, 
combining the sections in a useful tool.

Three-, five- and nine- layered alterna-
tives were used, as presented in Figure 10. 

In each case the internal and external 
flanges of the section were kept constant 
at 20 mm thick, since these were already 
parallel to each other, while the thickness 
of triangular cavity parts was calculated 
by 3DPC-to-cavity cross-sectional area 
ratios. Since the unusual shape of the 
triangular cavity part would not transfer 
thermal energy linearly, the thickness of 
this part was iterated until the calculated 
thermal transmittance in DesignBuilder 

Figure 9  Model layout and shadow patterns of Block 6 and neighbouring buildings for (a) 22 December at 12:00 and (b) 10 June at 12:00

(a) (b)

Table 5 Layered construction of elements

Element

Layer 1 Layer 2 Layer 3

Material
Thickness 

(mm)
Material

Thickness 
(mm)

Material
Thickness 

(mm)

Doors (external) Hardwood 40

Doors (internal) Hardwood 6 Air gap 28 Hardwood 6

First floor Concrete reinforced 75 Floor screed 20

Ground floor PVC membrane 0.3 Concrete reinforced 75 Floor screed 20

Roof Zinc sheet 0.7 Mineral wool 40 Nutec plasterboard 4

Wall (Hollow block) Cement plaster 12 Hollow block 140

Wall (Masonry) Masonry 90

Windows Glass 3

Table 6 Material properties (CIBSE 2006)

Material
Conductivity

(W/mK)
Specific heat

(J/kgK)
Density
(kg/m3)

Cement plaster 0.72 840 1 860

Concrete reinforced 1.9 840 2 300

Floor screed 0.41 840 1 200

Glass 0.9 – –

Hollow block 1.35 840 1 220

Hardwood 0.17 1880 700

Masonry 0.2 840 520

Mineral wool 0.038 840 140

Nutec plasterboard 0.16 840 950

PVC membrane 0.14 1000 1 200

Zinc sheet 110 380 7 200
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was equal to 1.57 W/m2K as calculated by 
the FEA. The three-layered alternative was 
represented by two parallel 3DPC external 
elements, but the centre parts were repre-
sented by only one air layer. Similarly, the 
five-layered alternative had an additional 
parallel 3DPC element in the centre. For 
the nine-layered alternative, however, the 
thickness of parts was calculated accord-
ing to ratios. It had two triangular parts 
between parallel 3DPC elements with an 
area of 3 950 mm2, of which 21% was the 
first air cavity, 51% 3DPC, and 28% the 
second air cavity. Multiplying these ratios 
with the triangular cavity part thickness of 
12 mm, calculated by iteration, resulted in 
the nine-layered alternative which was used 
for further analysis.

Simulation parameters
A wide range of outputs are generated by 
DesignBuilder, including surface and ambi-
ent temperatures, thermal heat gains for 
elements, internal heat gains and thermal 
comfort for occupants. All of these outputs 
can be useful, but for this research the 
focus was mainly on the thermal comfort 
for occupants. This can be calculated by 
ASHRAE Standard 55 Adaptive models 
discussed earlier. Based on the validation 
done below, well-correlated representa-
tive days for both a summer month, 22 
December, and a winter month, 10 June, 
were chosen.

Figure 10  Three-, five- and nine-layered alternatives (not to scale)
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Validation
The results of the baseline simulation 
model were validated against the measured 

data from Sustainable Energy Africa (2014) 
for both the summer and winter periods 
in Figure 11. The Pearson correlation coef-
ficient according to Equation 10 was cal-
culated to be 0.88 and 0.79 for the summer 
period, and 0.93 and 0.96 for the winter 
period, for the downstairs and upstairs 
internal ambient temperature, respectively. 
The Pearson correlation coefficient of the 
outside surface temperature was 0.94 for 
both periods, showing good correlation of 
the façade’s ability to absorb ambient heat. 
A further validation was done by checking 
that the thermal transmittance values, 
according to Equation 9, of all façades were 
equal to those calculated in the FEA.

Results and discussion

Temperature
The computed internal ambient tempera-
tures for the baseline building with hollow 
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Figure 12  Hourly internal ambient temperature from simulation
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b bottom images) façades Figure 14  Heat gains of elements on (a) 22 December 2013 and (b) 10 June 2013
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concrete blocks were compared to the 
building with 3DPC façades in Figure 12 
for 22 December and 10 June 2013. These 
temperatures were averaged over all 
internal spaces. The thermal comfort for 
occupants is not dependent only on the 
internal ambient temperatures, but they do 
give a good indication thereof.

The external monthly average surface 
temperatures of the 3DPC building are 
presented on a colour scale in Figure 13 for 
both the months of December and June. 
Similar results were found for the 3DPC 
and baseline buildings, with the latter 
having 1% cooler surface temperatures. 
The thermal absorptivity of both façade 
materials was similar, but the difference in 
temperature was because of the convection 
close to the rougher, layered 3DPC surface. 
From the external surface temperature in 
Figure 13 it is useful to see which wall and 
roof surfaces experienced comfort.

Heat gains by elements
The thermal heat gains and losses per 
element are presented in Figure 14 for 
22 December and 10 June 2013. Presented 
are all major external elements, including 
the 3DPC and baseline building walls. A 
positive heat gain is when the heat flux 
through an element increases the internal 
ambient temperature, and vice versa. Solar 
heat gains by the windows are the largest 
contributor to heat gains of the building, 
followed closely by roofs in the summer 
and walls in the winter months. The opti-
mised design of the building can clearly 
be seen by the solar heat gain curve of the 
windows. The solar heat gain is reduced 
during the peak temperature hours of 12:00 
to 14:00 by shadowing solar heat gains 
from the windows. The solar heat gains are 
also higher during the winter period when 
additional heat is required, which further 
improves the design. The heat gains and 
losses from the ground floor interaction 
are beneficial for thermal comfort during 
winter and summer periods, respectively.

The heat gain data of elements confirms 
that the walls are not the largest contribu-
tor to heat gains in this building model. 
The positive heat gain of wall elements 
is outweighed by both solar heat gains 
through windows and heat gains via the 
roof element during the summer period, 
but not the winter period. This can be seen 
as a positive attribute because for summer 
periods additional heat gains will have a 
negative influence on the thermal comfort, 
while for winter periods additional heat 

gains are beneficial. The heat gains of the 
3DPC wall follow the same trend as the 
baseline wall, but reduce the maximum and 
minimum heat gain range. The occupant 
thermal comfort was improved by reducing 
the temperature range.

Thermal comfort
The thermal comfort is represented by 
the discomfort hours for occupants of the 
building for the simplified, 80% adaptive 
and 90% adaptive methods. The hourly 
discomfort factor for both baseline and 
3DPC façade buildings for summer and 
winter representative days are presented 
in Figure 15. The vertical axis ranges from 
zero to one representing the hours of 
discomfort per hour interval. Zero would 
represent zero minutes of discomfort per 
hour interval, while one represents 60 
minutes of discomfort per hour interval. 
The solid lighter-coloured line represents 

the 3DPC façade, and the dashed darker-
coloured lines represent the baseline façade 
for all three thermal comfort methods. 
At a quick glance, one can observe that 
the 3DPC façade is less comfortable for 
occupants than the baseline façade for the 
summer day, but the opposite is true for 
the winter day.

The thermal discomfort hour results for 
all three ASHRAE methods are summarised 
in Table 7 for the whole year, i.e. the summer, 
autumn, winter and spring periods. The table 
includes the percentage of improvement for 
each method between the baseline and 3DPC 
façade buildings on a three-point colour scale 
where green is the greatest improvement and 
red the least improvement for the simple, 
adaptive 80% and adaptive 90%, respectively. 
During the summer and winter months the 
thermal comfort improved slightly for occu-
pants of the 3DPC façade building, but these 
improvements were outweighed over the 

Figure 15  Hourly discomfort factor for (a) 22 December 2013 and (b) 10 June 2013
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whole year by the significant improvement 
in comfort during the autumn and spring 
transition months when temperatures are not 
at extremes.

The thermal comfort data is plotted for 
all three thermal comfort methods. From the 
hourly data it can be seen that the simplified 
and 90% adaptive methods are more sensitive 
to sudden changes in temperature, which can 
lead to inaccurate and non-uniform results. 
Since the 80% adaptive method also takes 
into account a wider range of data points 
with 80% acceptability, it would be the meth-
od referred to for results. The winter month 
of the existing building proved to be the least 
comfortable, followed by spring, autumn, 
then summer the most comfortable. A 2.4% 
improvement in thermal comfort summer 
periods, and a 14.1% improvement for winter 
periods can be seen from the results. The 
transition seasons of autumn and spring, 
where the maximum and minimum temper-
atures are not as extreme, had a much greater 
improvement of 83% and 80%, respectively. 
The discomfort hours for occupants reduced 
form 4 400 hours per annum for the baseline 
façade to 2 244 hours per annum for the 
3DPC façade. This yields a 49% improvement 
in thermal comfort for occupants according 
to the 80% adaptive method.

CONCLUSION
There is a need for better thermal per-
formance of buildings in South Africa to 

improve occupant comfort and to reduce 
the energy consumption in residential 
buildings. Significant progress has already 
been made, as suggested in literature, 
concluding that this approach is the future 
for construction. Significantly improved 
indoor thermal conditions were recently 
reported in a Joe Slovo Phase Three house 
compared to a traditional RDP house in the 
vicinity. The Joe Slovo house was selected 
for this research on thermal comfort, since 
all necessary information on construction 
details, materials, and thermal performance 
monitored data was available. This building 
represents the new improved approach for 
construction of RDP buildings in South 
Africa, designed to be thermally efficient 
and leaning towards higher-density housing. 
The computational approach in this paper 
aimed at developing a predictive capacity 
for further thermal improvement by 3DPC 
walls, with careful consideration for heat 
transfer through the 3DPC façade configu-
rations with cavities. From this research the 
following conclusions are drawn:

 Q Finite element heat flow analysis per-
formed on a 3DPC wall section with 
an appropriate iterative procedure to 
capture cavity radiation and convection 
was validated with physical tests on 
an instrumented 3DPC wall part. The 
measured and computed temperatures 
were in reasonable agreement, with an 
average Pearson correlation coefficient 
of 0.83.

 Q The validated computational procedure 
justified its use to compute equivalent 
thermal transmittance values for differ-
ent 3DPC façade configurations and the 
existing façade of the Joe Slovo phase 
house, in lieu of thermal transmittance 
test data from the standardised Hot Box 
procedure of ASTM C1363:2014.

 Q From the FEA, the thermal transmit-
tance of the existing building façades 
can be reduced by 71.5% from 5.6 to 
1.57 W/m2 if replaced with a 3DPC 
façade alternative. The 3DPC façade 
also performed better than a double-
layered masonry wall with 1 m2K/W 
insulation according to SANS 204:2011.

 Q DesignBuilder, a commercial simula-
tion software accredited for Green Star 
Rating analysis, was used to simulate 
the building as a whole. The level of 
detail on the material parameters, occu-
pancy usage, and surrounding building 
modelling considered by the software 
reflects the complexity of simulating 
an existing, occupied building in its 
local environment. However, the results 
helped in reaching conclusions on the 
thermal comfort of occupants, as well 
as understanding and designing for a 
building to perform thermally efficient. 
With the weather data for a nearby 
location, and no attempt made to 
improve the agreement between results, 
an average Pearson correlation coef-
ficient of 0.89 was obtained, represent-
ing a good correlation between model 
results and measured data.

 Q Three methods for calculating the 
thermal comfort are available according 
to ASHRAE Standard 55, but the 80% 
adaptive method was chosen, since it is 
not as sensitive to sudden temperature 
changes and takes into account a larger 
range of data points. For the existing 
building the winter period proved to 
be the least comfortable, followed by 
spring, autumn, and then summer being 
the most comfortable. The simulation 
predicts a 49% improvement in ther-
mal comfort hours for occupants per 
annum, with peak improvements of 83% 
and 80% during transition seasons. A 
14.1% improvement for the least com-
fortable winter period was noted. This 
improvement relates directly to the 
energy-saving potential of 3DPC build-
ings, since occupants would not need 
to rely on active energy-consuming 
heating and cooling devices to keep 
themselves comfortable.

Table 7 Thermal discomfort hours summary

Period
ASHRAE 
method

Thermal discomfort hours

Baseline 3DPC Improvement

Summer

Simple 294.85 389.15 -32.0%

Adaptive 80% 128.84 125.81 2.4%

Adaptive 90% 251.06 267.33 -6.5%

Autumn

Simple 420.30 397.44 5.4%

Adaptive 80% 212.99 37.05 82.6%

Adaptive 90% 357.78 101.99 71.5%

Winter

Simple 691.88 684.04 1.1%

Adaptive 80% 654.20 562.12 14.1%

Adaptive 90% 679.60 641.20 5.7%

Spring

Simple 613.61 532.65 13.2%

Adaptive 80% 482.75 96.23 80.1%

Adaptive 90% 584.90 242.10 58.6%

Year

Simple 5 988.02 5 870.96 2.0%

Adaptive 80% 4 400.92 2 244.19 49.0%

Adaptive 90% 5 576.31 3 626.85 35.0%
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This work contributes to the success of 
3DPC construction and creates a frame-
work for continued research to further 
improve the thermal comfort for occu-
pants. In a broader context, the research 
brings understanding of how building 
design may improve thermal comfort in 
South African housing, and potentially 
reduce energy consumption and associated 
harmful emissions for heating and cooling.
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