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Abstract
In a continuously warming planet, energy poverty is
gaining increased attention in many overheated cities
across the world. In slum housing, overheating problems
can be severe, greatly exceeding the indoor temperatures
that occur in low-cost or old dwellings that also lack
mechanical cooling systems. This study presents an
evaluation of the effectiveness of thermal envelope
improvement measures for slum dwellings in the warmer
regions of the globe. The study is structured on validated
EnergyPlus simulation models of typical poor slum
construction, with standard and improved low-cost
thermal configurations. These models are then tested in
different worldwide locations, where results indicate a
reduction in indoor temperature with the full upgrade
strategy.

Introduction
Today, poor housing is a reality spread throughout the
planet, where more than 50 % of the population lives in
poverty. Poor modern houses, which have lost their
vernacular knowledge focused on local environment
adaptation, present the same constructive design for
different climates (Adebayo, 1990). Mostly built in
self-construction mode, with simple techniques and
resorting to available cheap materials, with low thermal
mass, such as clay tiles or metallic sheet roofs and
frequently glazing-less (Haschemi, 2015; Quintero,
2005), those dwellings offer an overheated indoor
environment, in addition to being frequently
overcrowded and often single-sided ventilated (Figure
1).

Figure 1: Brick house in Sobral, Brazil
The roof, as a potential temperature mitigator, is the
most important vector in hot climates. Due to its

exposition to direct radiation, it is responsible for 50 to
70 % of the heat gain in the indoor space (Nahar, 2003;
Vijaukumar, 2005), thus assuming an important role in
its thermal behavior. In this context and following a
previous experiment in a poor house in Brazil
(Bonaccorso, 2016), an upgrade package of three
low-cost passive strategies have been selected for
evaluation, on a similar constructive envelope.

Low-Cost Upgrade Package
Bioclimatic strategies have been studied since the early
1950s, offering suitable techniques to build a passive and
almost energy-free adaptation to local climate. Among
the many currently available cooling methods (Givoni,
2011; Kamal, 2012; Santamouris et al., 2013), three have
been chosen based on their combined effect, their
economic accessibility and for their easy self-installation
in a proposed DIY mode: roof cooling by a reflective
coat (albedo); radiant insulation; solar chimney.
Package 1/3: Albedo
Vernacular houses in hot climates have commonly
implemented the albedo in its buildings, in order to
reflect solar radiation and passively dissipate
overheating, through application of natural or industrial
coating (Figure 2). Many recent studies and experiments
show its effectiveness (Hernández-Pérez et al., 2014;
Hernández-Pérez et al., 2018; Santamouris et al., 2007),
when compared with a normal existing roof. Suehrcke et
al. (2017) measured steady-state roof surface
temperatures, finding that a white highly reflective paint
is 18 °C cooler than a red-tiled roof. Regular
maintenance such as simple washing of a high reflective
roof with conventional and cheaper coating is effective
and has to be ensured to maintain its solar reflectance
potential and ensure better heat dissipation results
(Takebayashi et al., 2016). Roslan et al. (2015)
concluded that a reflective-cooling roof, with optimum
pitch, should be combined with proper ventilation,
specifically for low-cost houses. Brito Filho (2014)
simulates the use of both reflective coating and roof
thermal insulation on a metallic roof in the equatorial
climate of Manaus (Brazil), finding that the combination
of both strategies is more effective.
Package 2/3: Radiant Insulation
Roof thermal insulation is the most effective strategy for
solar control, reducing indoor temperature by reducing
both heat loss and heat gains. Haschemi (2017) shows
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through dynamic thermal simulation, that for poor
houses in Uganda, white painted roofs and insulated
roofs lead to almost identical thermal comfort
conditions. Differences have been noted on a
maintenance basis, since an insulated roof requires a
lower level of maintenance. The combination of both
strategies is twice as effective as either measure alone
(Nason, 1985).
Nonetheless, for low-income families, even most of the
available and common bulk technologies that are used
for insulation, in which its performance is highly
dependent on thickness and conductivity, carry a high
implementation cost. However, radiant insulation may
be applied to this case, due to its lower cost and easy
transportation and installation (Figure 2). This type of
insulation behaves differently when compared with
conventional insulation, by using a high reflective
surface with low emissivity in the airspace to restrict the
heat flow through the building envelope.

Figure 2: White painted tiles (left), radiant insulation
(right)
Package 3/3: Solar Chimney
In hot climates, the urban heat island (UHI) effect tends
to increase the local Bowen Ratio, due to the reduction
of urban moisture, and thus to also increase the ambient
temperature, contributing to the dweller's discomfort
(Taha, 1998). Both previous roof strategies manage to
reduce the indoor temperature, counteracting the UHI
temperature effect, although they do not address the need
of natural air flow, which is frequently reduced,
especially at ground level, by the common densely urban
configuration of poor settlements (Arnfield, 2003;
Santamouris, 2001). Several wind and thermal-driven
natural ventilation systems have been studied and
applied. In this low-budget solutions context, the solar
chimney, as a natural ventilation driver, has been studied
since late 80s (Bouchair, 1988) and shown to be
effective (Bansal, 1994). The design of the solar
chimney is the same used in a previous experiment
(Bonaccorso, 2017), re-scaled for the dimension of the
test space (Figure 3).

Figure 3: Model of the previous with solar chimney

Method
The present study’s main goal is the assessment of the
overall performance of the proposed upgrades, which
once thoroughly analyzed, can be applied in slum
housing. Nonetheless, existing studies of thermal
upgrades in slum dwellings are either experimental,
focusing on particular measures, or simulation based
(using non-validated models). The characteristics of
slum dwellings make the effect of thermal upgrades
particular to these buildings and, in some several cases
unexpected, departing from the trends found in standard
housing. The present study overcame this difficulty by
using a validated simulation model. The validation data
was measured in a full-scale purposely-built model of a
slum dwelling that was monitored during the summer of
2018. The building model (Figure 4a), is a standard
ground floor brick building with a non-insulated roof
(TC-R).

________________________________________________________________________________________________
4174
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
Figure 4: Test cell configurations – TC-R (a), TC-W (b),
TC-RIC (c), TC-WIC (d); and weather station (a)
The experimental campaign then tested the isolated and
combined impact of the considered upgrades: white roof
tiles, improved roof insulation, and solar chimney (Table
1).
Table 1: Designation of Test Cell configuration
TC-R

TC with Red clay tile roof

TC-W TC with White painted clay tile roof
TC with Red clay tile roof, radiant
Insulation and a solar chimney.
TC with White painted clay tile roof,
TC-WIC
radiant Insulation and a solar
chimney.
TC-RIC

Figure 4a

Test cell simulation models were developed to simulate
the effect of the different TC configurations (Figure 6).
These simulations were compared with the field
measurements, in order to validate the models results.
The materials that were considered and their respective
thermal properties can be seen in Table 2 (Crawley et al.
2001, Mateus et al. 2014).
Table 2: Building materials (presented as outside to
inside from the top down for each surface)

Figure 4b
Surface

Material

Figure 4c
Figure 4d

The test cell consisted of a 10 cm-thick ground slab,
15 cm common brick walls, and a red clay tile roof over
a wood structure. No heat gains were considered within
the 4 m2 indoor space. This space is accessible by a door,
which remained closed during the measurements (Figure
5).

Soil

1.7

1.14

–

Riprap

0.2

1.2

–

Ground slab

0.1

2

–

Brick

0.15

0.56

–

Clay tile

0.02

1.2

–

Air gap

–

–

0.25

Clay tile

0.02

1.2

–

Laminated
paperboard

0.0032

0.072

–

Air gap

–

–

0.15

Laminated
paperboard

0.0032

0.072

–

OSB

0.0127

0.0917

–

Chimney Expanded
insulation polystyrene

0.025

0.029

–

Chimney Black metal
absorber surface

0.0008

45.28

–

Chimney
Clear glass
glass

0.006

0.9

–

Aluminum

0.0001

204

–

Air gap

–

–

0.18

Aluminum

0.0001

204

–

Interior
Floor

Wall

Roof

Door

Chimney
surfaces

Figure 5: Plan of the test cell
An on-site weather station measured outdoor air
temperature, humidity, wind velocity, wind direction and
direct and diffuse solar radiation (Figure 4). Indoor air
temperature was measured with a Hobo (U12-013),
affixed to the north wall. Surface radiant temperatures
were not considered in these measurements, which had
the goal of assessing the overall performance of the
proposed configurations.
A simulation model was used to predict the effects of
these thermal envelopes upgrades in warm and densely
populated locations around the globe. The simulation
was performed using EnergyPlus (version 8.7) (Crawley
et al., 2001), an open source thermal simulation
software, developed by the Energy Department of the
United States. Neves et al. (2012) used EnergyPlus to
model a test cell with a solar chimney and showed its
effectiveness in simulating the effects of a solar
chimney.

Thermal
Thickness Conductivity
Resistance
–1
–1
[m]
[W m K ]
[m2 K/W]

Radiant
insulation

Infiltration in the test cells was measured through the
concentration decay of CO2 and was defined in
simulation as constant and equal to 27 air changes per
hour. In future work, the sensitivity of this result to air
temperature and wind speed will be considered. Further,
the solar absorptivity of the outdoor surfaces was
calibrated, in order to approximate the simulation
models to the measured results. The absorptivity of the
red brick and clay tiles was defined as 0.55 and as 0.15
in the case of the white roofs.
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EnergyPlus’s Airflow Network was used to model the
airflow driven by the solar chimney. The chimney’s
openings were modeled as completely open with default
wind pressure coefficients during the full simulation.
Future work will include CFD simulations to ensure a
more accurate estimation of those coefficients and, thus,
of the airflow through the solar chimney.
These validated simulation models were then used to
predict the effects of the thermal envelopes upgrades in
five warm and densely populated locations around the
globe: Addis Ababa (Ethiopia), Cairo (Egypt), Fortaleza
(Brazil), Lisbon (Portugal) and New Delhi (India). These
simulations used typical measured weather data
(Weather Data | EnergyPlus).

Figure 6: Simulation model – TC-R/TC-W (left),
TC-RIC/TC-WIC (right)

Thermal simulation model validation
The model validation results are presented in the
following Figure 7 and Table 3.

Figure 7: TC-R simulated vs measured (a), TC-W
simulated vs measured (b), TC-RIC simulated vs
measured (c), TC-WIC simulated vs measured (d)
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Test Cell
Configuration

Avg
error
[°C]

Max
error
[°C]

Avg
error
[%]

Max
error
[%]

CT-R

0.9

3.2

4.7

17.8

CT-W

1.1

3.2

8.0

23.1

CT-RIC

0.7

3.7

2.3

12.2

CT-WIC

1.2

2.5

7.8

16.8

Ababa (most of the year), insufficient solar radiation
might also be a limiting factor in the efficacy of the solar
chimney.

Table 3: Average and maximum error between simulated
and measured indoor temperature
The simulation model showed good agreement between
the measured (Tmeas) and simulated (Tin) indoor
temperature. For all configurations, the average
temperature difference was close to 1 °C (4.5 to 7.9 % of
the measured temperature range, which was calculated
with Equation (1) (Mateus et al., 2014)). The maximum
single-time step temperature difference was 3.2 °C for
CT-R and CT-W, although the highest relative
difference was 23.1 % (Equation 2) for CT-W. These
differences were lower for both CT-RIC and CT-WIC.
Further, at the peak, where accuracy is critical, the
temperature difference was below 15 % and 2 °C, for all
configurations.
𝐴𝑣𝑔 𝑒𝑟𝑟𝑜𝑟 =

1
𝑁𝑚𝑒𝑎𝑠

𝑚𝑒𝑎𝑠
∑𝑁
|
𝑖=1

𝑀𝑎𝑥 𝑒𝑟𝑟𝑜𝑟 = max |

𝑇𝑠𝑖𝑚,𝑖 −𝑇𝑚𝑒𝑎𝑠,𝑖
𝑇𝑚𝑒𝑎𝑠,𝑚𝑎𝑥 −𝑇𝑚𝑒𝑎𝑠,𝑚𝑖𝑛

𝑇𝑠𝑖𝑚,𝑖 −𝑇𝑚𝑒𝑎𝑠,𝑖
𝑇𝑚𝑒𝑎𝑠,𝑚𝑎𝑥 −𝑇𝑚𝑒𝑎𝑠,𝑚𝑖𝑛

|

| (1)
(2)

Cities analysis
For each test cell configuration and city, the peak indoor
temperature was calculated for three weeks: week 1
(W1), February 22 to 28; week 2 (W2), April 15 to 21;
week 3 (W3), July 1 to 7. These results are shown in
Table 4 and Figure 8.
Table 4: Temperature Peak decrease each test cell
configuration and city; only the best week for each city
is presented
Addis Ababa
Cairo
Fortaleza
Lisbon
New Delhi

W1
W1
W2
W3
W3

CT-W
–1.2
–0.5
–0.2
–0.3
–0.3

CT-RIC
–2.5
–4.4
–1.8
–2.8
–2.8

CT-WIC
–2.8
–2.5
–2.4
–1.3
–1.5

As can be seen, the different colored roof does not seem
to significantly affect the indoor temperature, which is
similar in both CT-R and CT-W, as well as in both
CT-RIC and CT-WIC.
This might occur as only the color of the roof was
altered, leaving the walls at their original color, which
does not affect their solar absorptivity. In future work,
this issue is to be addressed.
The addition of the insulated roof and solar chimney
decreases the average indoor temperature in during all
three weeks and in all five cities, albeit with different
magnitudes.
In all cases, the difference in temperature occurs during
the daytime, when the insolation-driven flow through the
chimney is prevalent. In climates with long overcast
periods, such as Fortaleza (throughout the year) or Addis

Figure 8: CT-R vs. CT-WIC – Lisbon (a), Cairo (b), New
Delhi (c)
Another limiting effect is outdoor temperature. In Cairo
(throughout the year) and New Delhi (during most of the
year), cloud cover is usually low, fully allowing the solar
chimney-driven natural ventilation flow to occur.
However, this eases the inflow of the very warm outdoor
air, which somewhat reverses its original goal.
The solar chimney reaches is optimal potential with the
combination of high solar radiation and lower outdoor
temperatures. This allows the development of a natural
ventilation airflow that introduces cool air into the
occupied zone. This allows a decrease of up to 3 °C.

Conclusion
The results of the experimental studies show that the
albedo measure was the least impactful measure, as it
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did not significantly decrease the indoor temperature. On
the other hand, the addition of radiant insulation and the
thermal chimney had a positive impact, resulting in
reductions of indoor air temperature. The installation of
the thermal insulation greatly reduced the outdoor air
infiltration rate. On a 24 hour basis this reduction is not
beneficial since it reduces natural cooling during the
milder hours of the day and night. The addition of the
solar chimney successfully addressed this problem,
improving indoor comfort by 1-2 °C.
The next phase of the work is optimization of the
simulation model, followed by the simulation-based
studies with current and future climate. This upcoming
analysis should include the effect of the radiant
temperatures of indoor surfaces as well as the effect of
air movement on thermal sensation.
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