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Abstract: The majority of the population in Indonesia lives in naturally ventilated and unconditioned
residential buildings because they cannot afford energy services. This situation is common in
many countries in tropical regions, negatively affecting the occupants’ health due to overheating.
Therefore, housing types that can cool down indoor temperatures to the extent possible using a
passive approach, rather than an active approach, should be developed. This study aims to improve
naturally ventilated houses by considering the louver area and insulation of houses. First, we
employ an on-site measurement for collecting data such as the indoor/outdoor temperature and
relative humidity in an Indonesian city, Lhokseumawe. In addition, the experimental data are
used to validate a numerical simulation model. Second, the numerical simulation is utilized to
establish energy-efficient design solutions for houses in 14 Indonesian locations. The results show
that, compared with the insulation cases, different louver areas insignificantly change indoor air
conditions by approximately 0.3 to 1 ◦C. Additionally, the application of a combined performance
improvement for both louver areas and building envelope insulation levels can reduce the indoor
air temperature and relative humidity by 2.2 ◦C and 8%, respectively. Moreover, the daily cooling
demand for the proposed improvement plan is reduced by 18.90% compared with that for the
existing case. Furthermore, the annual cooling loads for the entire simulated regions are reduced by
46.63 GJ/year (23.09%). This study is a potential starting point for achieving zero-energy housing and
occupants’ sufficient thermal comfort in unconditioned and naturally ventilated houses in Indonesia.

Keywords: naturally ventilated house; tropical climate; louver openings; insulation; cooling load;
energy efficient

1. Introduction

Approximately 40% of the energy consumption worldwide is attributed to buildings,
indicating their crucial role in the energy market. Moreover, the demand for building energy
is expected to persistently increase in the forthcoming decades [1]. Tropical regions such as
Indonesia have similar weather patterns of high temperature and humidity annually, thus
triggering higher energy demands for cooling indoors.

Energy poverty has emerged as a critical issue in global development, particularly in
Indonesia. Many small islands in Indonesia do not have electricity, and most Indonesians
are in deep energy poverty [2], which describes a condition whereby a household spends
more than 10% of its total income on energy services [3]. Furthermore, providing access to
energy in Indonesia is still challenging because many people live in remote areas and are
spread on approximately 16.056 islands. The Papua and East Nusa Tenggara provinces have
electrification ratios of approximately 61.4% and 59.8% [2], respectively. This implies that
most Indonesians experiencing energy poverty may be unable to afford air conditioning or
electricity, increasing the risk of heat-related diseases. Because of the thermal discomfort
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experienced by individuals living in energy poverty, their physical and mental health are
adversely affected [4–9]. Moreover, this may result in underlying medical conditions such
as respiratory [10] and cardiovascular diseases [8,11,12].

Furthermore, Indonesia still lacks building codes to reduce building thermal loads.
In 2005, national standards related to building envelopes, air conditioning, lighting, and
building energy auditing were established for the first time, but they were not mandated.
In 2012, the capital city of DKI Jakarta issued the first and only mandatory green building
regulation. The main focus of these regulations is to improve energy efficiency, water
efficiency, indoor air quality, waste and soil treatment, and construction practices. They
apply to a wide range of building sizes and types, encompassing apartment buildings,
office buildings, trade buildings, and multi-functional structures. Furthermore, they are
relevant to business establishments, hotels, social and cultural facilities, health care build-
ings, as well as educational service buildings. The aim is to encourage sustainable and
environmentally conscious approaches in the construction and operation of these buildings,
promoting responsible resource use and minimizing environmental impact. However, most
neighboring and remote cities lack attention. This implies that the mandatory regulation
energy standard for building designs in Indonesia needs to be complied with and upgraded
according to climate zones.

To address the abovementioned issues, a passive design plan for naturally ventilated
Indonesian houses should be developed as an initial step to comply with the existing
standards according to the climate zones. Therefore, this study developed a passive design
for a naturally ventilated house by investigating the effects of various passive design
improvements on indoor environmental conditions. We simulated the cooling loads of
the developed improvement plans and compared them to existing general Indonesian
households. Additionally, considering various climate conditions, we examined the annual
cooling loads of the performance improvement plan in various cities in Indonesia according
to their respective climate zones.

The remainder of this paper is organized as follows: Section 2 provides an overview
of the research methodology, including details on the test house and improvement plan. In
Section 3, we discuss the development of the base simulation model using the dynamic
numerical program THERB, the calculation of the discharge coefficient via computational
fluid dynamics (CFDs), and the collection of wind pressure coefficients obtained from the
literature review by CPX. Then, we compared the accuracy of these methods. Section 4
presents the simulation results. Finally, the conclusions are presented in Section 5.

2. Methodology

The methodology of this study consists of four significant steps shown in Figure 1.
The first step is to perform on-site measurements of the temperature and humidity indoors
and outdoors. Then, the data are used to verify the accuracy of a base simulation model.
The details of the housing configuration are also identified for the numerical simulation.
The second step is to develop a base simulation model of the test house. The third step is
to develop an improvement plan for Indonesian housing to save energy. The area for the
improvement plan is primarily related to the louver opening area and insulation level. The
final step is to identify the proper improvement plan in various regions of Indonesia by
simulating annual cooling loads using the validated model.
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2.1. Overview of the Test House

The configuration of the test house for the numerical analysis is based on an existing
house where people are living, as shown in Figure 2. The house is a housing prototype,
built in large numbers after the tsunami attack in 2004 in Indonesia. By 2008, approximately
104,200 permanent residences had been built based on this floor plan by various sponsors,
including the Indonesian government and local and international non-governmental orga-
nizations [13]. The experimental houses are low-cost, with a building envelope comprising
a combination of concrete and brickwork, and feature a zinc roof material, as shown in
Table 1. The configuration of this house is typical in Indonesian households and was
classified as a detached modern house [14] with a total floor area of 54 m2 and averaging a
four-person occupancy. The material employed exhibited high thermal conductivity, which
affected the process of rapid heat transfer from outdoors to indoors.
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Figure 2. Plan and section of test house (unit: mm): (a) floor plan; (b) cross-section; (c) measure-
ment photograph.

Most low-income occupants primarily rely on window and door openings to avoid
excessive indoor temperatures during the daytime at peak heat conditions, rather than
operating the air conditioner for cooling. In tropical buildings, window openings can be
effective to reduce heat buildup, which in turn can lower indoor air temperatures and night-
time cooling loads [15]. For free cooling, the opening ratio design significantly affects the
ventilation rate. Louver-attached windows, which can partly improve the comfort level by
increasing air velocity, are among the traditional design factors of Indonesian housing [16].
Louvers are typically arranged in a pattern, either horizontally or vertically, and are usually
made from wood, although modern homes may also use metal or plastic materials.
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Table 1. Building envelope information of the test house.

Category Layer Thickness
Thermal Specific

Heat
Specific Moisture Moisture

Conductivity Gravity Conductivity Capacity
[m] [W/(m·K)] [J/(kg·K)] [kg/m3] [kg/(m·s·Pa)] [kg/(m3(kJ/kg)]

Roof
(U-Value = 8.13 W/(m2·K)) Zinc plate 0.0002 110 896 2800 - -

Ceiling
(U-Value = 5.48 W/(m2·K)) Plywood 0.004 0.120 1880.0 556.0 5.670 × 10−13 2.200 × 10−1

Exterior wall
(U-Value = 2.90 W/(m2·K))

Cement mortar 0.03 1.910 917.0 2009.0 4.570 × 10−12 1.830 × 10−1

Brickwork 0.1 0.807 880.0 1792.0 2.600 × 10−11 1.072 × 10−2

Floor
(U-Value = 4.50 W/(m2·K))

Sand 0.1 1.910 840.0 1764.0 0.000 0.000
Concrete 0.05 1.619 890.0 2206.0 1.020 × 10−12 1.881

Cement mortar 0.02 1.910 917.0 2009.0 4.570 × 10−12 1.830 × 10−1

Concrete tile 0.009 1.1 837 2100 - -

Notably, the building material functions as a barrier between the outside temperature,
from sources such as solar radiation, and the inside temperature. Therefore, factors such
as material properties, thickness, the air cavity, and outer surface configurations should
be considered. Because most occupants spend sufficient time in the living room during
daily activities, this study set the living room as a target of simulation. In addition, the
temperature and relative humidity were measured inside the living room and outside
using a USB Temperature and Humidity Data Logger DS 102. The specifications of the
measurement devices are listed in Table 2.

Table 2. Measurement devices.

Description Specification

Measures temperature range −40 ◦C to +60 ◦C

Measures humidity range 1%RH–99%RH

Temperature accuracy ±1 ◦C under 0–50 ◦C

Humidity accuracy ±4% under 20–80%

Logging interval 8 s to 4 h

2.2. Climates, Target Cities, and Calculation Condition

Climatic zones in Indonesia are determined by the temperature range and wind speed.
They are divided into eight climate zones: equatorial, sub-equatorial, highland tropi-
cal, extremely highland tropical, monsoonal, sub-monsoonal, savanna, and sub-savanna
zones [17].

This study proposes a passive design based on an optimal combination of passive
design measures, which is determined through thermal load simulation. The classification
of these zones significantly depends on the criteria of thermal climatic zones and local
climatic conditions. Therefore, this study selected 14 cities that are uniformly distributed
across the eight thermal climatic regions and have weather data available for simulation.
The selected cities include two in the equatorial, two in the sub-equatorial, one in the
highland, one in the extremely highland, two in the monsoonal, two in the sub-monsoonal,
two in the savanna, and two in the sub-savanna zones.

Furthermore, to investigate the hourly performance of the target room in the test house,
the simulation was conducted for two weeks in the dry season (July) with an interval of
60 s, and the data were averaged hourly. The selection time of the simulation was predicted
as the peak of hot and humid conditions in Indonesia. Meanwhile, to calculate the daily
cooling load, the simulation periods were one year (January 1 to December 31), and the
data were divided by 365. In addition, to simulate the selected cities, the weather data
were expanded from IWEC2, as recommended by ASHRAE for building simulations. The
calculation conditions for the annual cooling loads of the target cities are listed in Table 3.
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Figure 3 illustrates the locations of the cities on the Indonesia map, and Table 4 presents
their climatic conditions.

Table 3. Simulation condition for annual cooling loads.

Condition

Calculation periods January 1 to December 31
Calculation interval 3600 s
Calculation target Living room

Indoor set-point of temperature and RH Temperature: 24 ◦C
RH: 60%

Space conditioning time 6–9, 12–13, 17–22 (Living schedule of a family)
Weather data Expanded IWEC2 Weather data
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Table 4. Climate conditions of target cities.

City
Temperature [◦C] Relative Humidity [%] Wind Velocity [m/s] Solar Radiation [w/m2]

Min Max Average Min Max Average Min Max Average Min Max Average

Lhokseumawe 18.60 37.90 26.98 44 100 81.58 0 30.80 1.68 0 1134 111.01
Banda Aceh 19.10 36.90 26.94 34 100 80.07 0 25.70 1.74 0 1149 162.29

Kerinci 9.50 30.70 22.70 32 100 82.62 0 27.80 1.50 0 925 147.15
Wamena 6.70 28.60 19.58 26 100 80.46 0 15.40 2.21 0 897 114.37
Cilacap 2.50 55.60 26.36 18 100 82.65 0 48.30 2.03 0 1250 111.58

Sumbawa Besar 18.30 38.80 26.86 24 100 78.21 0 15.40 1.62 0 874 136.34
Waingapu 12.10 39.00 26.84 24 100 76.95 0 12.90 2.13 0 922 150.67
Surabaya 19.00 37.70 27.93 16 100 75.10 0 20.60 2.70 0 889 187.55

Balikpapan 22.00 37.00 27.49 50 100 85.36 0 30.80 2.19 0 887 178.51
Maluku Utara 21.00 34.40 26.78 41 100 86.01 0 11.30 1.17 0 868 135.64

Semarang 14.30 37.40 28.16 22 100 74.26 0 29.90 2.77 0 940 202.51
Gorontalo 20.70 34.60 27.16 41 100 82.33 0 27.80 1.49 0 917 218.44

Bima 18.20 36.30 27.51 25 100 78.49 0 25.70 2.20 0 943 271.95
Madura 21.20 34.10 27.76 47 100 81.10 0 39.10 3.86 0 955 205.40

2.3. Improvement Plan

Several studies have explored optimizing passive design techniques, such as the insu-
lation level of building envelopes, window-to-wall ratio (opening ratio), overhang depth,
air leakage, and energy performance of glazing, for residential buildings [15,18–21]. The
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passive design is significantly influenced by climate conditions and is an effective means of
reducing energy consumption in residential buildings. The external wall insulation level is
the most significant parameter in terms of its impact on the annual thermal load, contribut-
ing to approximately 70% of the total impact [18]. In tropical climates, the opening ratio
of windows in residential buildings has a significant impact on the indoor environment
and energy consumption. When the window-to-wall ratio is reduced from 1 to 0.4, the
largest reductions in indoor air temperatures are observed [15]. Additionally, window
openings are effective in reducing nighttime cooling loads because they promote heat
dissipation during the daytime [15]. Therefore, the opening ratio and insulation level of
the building envelope are effective to maintain indoor environment conditions and control
the annual cost of cooling loads in tropical regions. Consequently, the performance of the
improvement plan in this study was dependent on various opening ratios (louver) and
insulation levels.

Because the louver shape of the test house is commonly used in low-cost houses in
Indonesia, this study examines the impact of the louver by enlarging and reducing the
area and comparing it to existing conditions. The insulation consisted of four integrated
levels: external wall, roof, and ceiling insulations. One study reported that the material
composition of the building envelope significantly reduces annual cooling loads and indoor
environmental conditions. Ashouri et al. investigated two insulation materials, rockwool
and glasswool. They reported that the optimal thicknesses resulted in annual cost savings
of 1.6028 K/m2 for glasswool and 0.7658 K/m2 for rockwool [22].

Therefore, this study employs two primary insulation materials (glasswool and rock-
wool), and another material, particle board or plywood, is used for comparison. For the roof
part, the insulation of the proposed cases was strengthened by more than 100% compared
with that of the existing case. In addition, the external wall insulation is upgraded by
adding glasswool, plywood, and particle boards, including air cavities. The U-value of the
external wall is 0.51 W/(m2·K), whereas that of the existing condition is 3.29 W/(m2·K). A
significant improvement was also achieved for the ceiling by adding 100 mm of rockwool.
The ceiling proposed in this study could reduce the U-value to 0.33 W/(m2·K) compared
with the existing value of 5.48 W/(m2·K). In addition, various combinations of louver open-
ing ratios and insulation levels were combined to determine the best performance among
the test cases. Case N represents the actual condition of the test house, and this study
examines 24 cases of improved plans. Figure 4 demonstrates the insulation improvement
plan, and Table 5 illustrates the configuration of the simulation cases.

This study calculated the indoor environmental conditions using a dynamic simulation
program termed THERB for HAM [23]. This program is an official software (TherbV70NAF)
approved by the Japanese government with nationwide applications. It can calculate the
time series of indoor temperatures, humidity, and heating/cooling loads for the entire
building, considering the complete heat, air, and moisture (HAM) features with the network
airflow model (NAF). The network airflow model is based on the continuity, aperture, and
crevice flow equations expressed as follows:

∑I
i=1 Qi = 0 (1)

Qi = Cdi Ai

√
2g
γ
|∆pi| ≡ 4Cdi Ai

√
|∆pi| (2)

Qi = aili∆p
1
n
i (3)

where Q represents the air flow rate [m3], A is the opening area [m2], a is the gap charac-
teristic value [-], g is the gravitational acceleration [=9.8 m/s2], l is the gap length [m], ∆P
is the pressure difference [Pa], Cd is the discharge coefficient [-], γ is the specific weight
of air [kg/m3], and n = 1.5 (constant between 1 and 2). In addition, for an independent
ventilation layer, the dimensionless flow rate is derived as a function of the dimensionless
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length of the ventilation layer. The modified Rayleigh number from the dimensionless
energy equation, the equation of motion, continuity, and the actual ventilation rate are
also predicted.
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√

Existing test house
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√
Reduce louver area (louver area of existing × 0.5)
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√
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C3 0.64 0.38

√
Enlarge louver area (louver area of existing × 2)

C4 1.28 0.76
√

Enlarge louver area (louver area of existing × 4)
C5 0.32 0.19

√
Insulation 1 (a1, b1, c2, d1)

C6 0.32 0.19
√

Insulation 2 (a2, b2, c2, d1)
C7 0.32 0.19

√
Insulation 3 (a3, b3, c2, d1)

C8 0.32 0.19
√

Insulation 4 (a3, b3, c3, d1)
C9 0.16 0.095

√
Combined 1 (c1 and c5)

C10 0.16 0.095
√

Combined 2 (c1 and c6)
C11 0.16 0.095

√
Combined 3 (c1 and c7)

C12 0.16 0.095
√

Combined 4 (c1 and c8)
C13 0.08 0.048

√
Combined 5 (c2 and c5)

C14 0.08 0.048
√

Combined 6 (c2 and c6)
C15 0.08 0.048

√
Combined 7 (c2 and c7)

C16 0.08 0.048
√

Combined 8 (c2 and c8)
C17 0.64 0.38

√
Combined 9 (c3 and c5)

C18 0.64 0.38
√

Combined 10 (c3 and c6)
C19 0.64 0.38

√
Combined 11 (c3 and c7)

C20 0.64 0.38
√

Combined 12 (c3 and c8)
C21 1.28 0.76

√
Combined 13 (c4 and c5)

C22 1.28 0.76
√

Combined 14 (c4 and c6)
C23 1.28 0.76

√
Combined 15 (c4 and c7)

C24 1.28 0.76
√

Combined 16 (c4 and c8)
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3. Development of the Base Simulation Model
3.1. Discharge Coefficient

The discharge coefficient (Cd) accounts for the effects of flow contraction and frictional
losses through an opening. A value of Cd = 0.6 is typically used and can be derived
analytically for a sharp-edged orifice opening [24,25]. Awbi et al. showed that the discharge
coefficient value varies with the geometry of the opening and the pressure differential
due to external factors [26]. Because the louver openings of the test house have a specific
geometry and are unidentified in the references, this study utilized CFDs to investigate the
discharge coefficients. The numerical analysis of the CFDs is divided into finite difference,
finite element, spectrum, and finite volume methods. In this study, a numerical analysis
was conducted using a finite volume method, which subdivides the computational domain
into a finite number of minute volume spaces and considers the balance of each physical
quantity in each minute space. The balance of the physical quantity is discretized and
expressed by integrating the fundamental equation in each control volume. An unknown
quantity is defined at the center of each control volume, and using this value, the inflow
and outflow of physical quantities at the boundaries of each control volume are calculated.
Furthermore, a solution is obtained using a discretization formula. The nature of the
wind that blows near the Earth’s surface changes with the objects on the ground. The
average wind speed near the ground surface decreases and increases as it moves vertically
upward. This change in the wind speed depends on the influence of the ground surface.
The following formula provides the average wind speed at a certain height Uz:

U(z) = Us

(
Z
Zs

)α

(4)

where Uz is the average wind speed at the ground level Z [m/s], and Us is the average
wind speed at a reference ground height Zs [m/s]. The power exponent α is affected
by the roughness of the ground surface and becomes more significant as the degree of
roughness increases. According to the Building Load Guidelines of the Architectural
Institute of Japan [27], this value expresses the relationship between the condition of the
ground surface and the power index based on the observational results of the natural wind
and the roughness of the ground surface, as shown in Table 6.

Table 6. Ground roughness classification.

Ground Surface Roughness Classification I II III IV V

Zg (sky wind altitude) 250 350 450 550 650

α 0.1 0.15 0.2 0.27 0.35

Moreover, the turbulence energy, which is the turbulence intensity of the fluid flow,
is expressed by Equation (5) from the wind speed and turbulence intensity expressed by
Equation (6).

I(z) = 0.1
(

Z
Zg

)(−α−0.05)
(5)

k(z) = (I(z)U(z))2 (6)

where I(z) is the turbulence strength at the ground level Z, and the dissipation factor, which
indicates the speed at which turbulence disappears, is expressed by the following equation:

ε(z) = Cµ
1/2k(z)

Us

Zs
α

(
Z
Zs

)(α−1)
(7)

where Cµ is the eddy viscosity. The inflow boundary condition for the numerical simulation
of the discharge coefficients, including the inflow wind speed, turbulence energy dissipation
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rate, and turbulence energy, is used as input values in the CFD simulation (Figure S1). The
analysis conditions of the calculated discharge coefficients for louver openings are shown
in Table 7.

Table 7. Analysis conditions.

Content Detail

Analysis software STAR-CCM+ (v12.04B)
Analysis domain 50 m (x) × 90 m (y) × 25 m (z)

Number of meshes 3,300,000
Inflow boundary condition 1/5 power law

Outflow boundary condition Gradient 0 at the outflow boundary
Air/Side Boundary Conditions Slip

Wall conditions
Floor surface: wall boundary condition based on wall function

Target building: wall boundary condition based on wall function
Calculation algorithm SIMPLE method

Turbulence model Realizable k-εmodel

The discharge coefficients are averaged to obtain the results: Louvers 1 and 2 are
0.57 and 0.68, respectively. In addition, the values of the discharge coefficients are used as
input data, which are building data, in the numerical simulation software (TherbV70NAF).

3.2. Wind Pressure Coefficient

The wind pressure coefficient (Cp) expresses the degree to which a building receives
wind force and describes the pressure distribution on the building surfaces. The value
of the wind pressure coefficient depends on a wide range of parameters, including the
building shape, envelope detailing, position on the façade, wind speed, wind direction, and
turbulence intensity. Cóstola et al. [28] identified two main sources of Cp data. The primary
sources include full-scale measurements, wind-tunnel measurements, and CFD simulations,
and the secondary sources include databases and analytical models. In this study, the wind
pressure coefficients utilize a database for the natural ventilation design that is compiled
in CP-X [29]. This database employs a wind tunnel experiment to determine the wind
pressure coefficients, including those of detached houses that are similar to that of the test
house. The standard values of the wind pressure coefficients of the test house, according to
the reference, are shown in Figure 5. They are used as the input values of the wind pressure
coefficients in the room data of the numerical simulation.
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3.3. Simulation Accuracy Verification

The temperature and relative humidity of the test houses located in Lhokseumawe,
Indonesia, were measured during the peak of the dry season for 26 days, from 20 June to
15 July 2022. Outdoor measurement data and Indonesia meteorological standard data were
used for the simulation. The accuracy of the simulation was verified by comparing the
simulated and measured results. Figure 6 compares the simulated and measured results of
the temperature and humidity of the living rooms. Two error indicators, mean bias error
(MBE) and the coefficient of variation of the root mean square error (CV(RMSE)), were
calculated for the base case according to reasonable standards and guidelines, including
ASHRAE [30], the measurement and verification of federal energy projects [31], and the
international performance measurement and verification protocol [32].
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The MBE and CV(RMSE) [33,34] were calculated using Equations (8) and (9). The
calibration criteria of the reasonable standards and guidelines and the two calculated error
indicators for the base-case calibration are listed in Table 8.

Table 8. Calibration criteria and prediction error.

Indicator
Prediction Error Standard

Temperature RH Abs. Humidity ASHRAE IPMVP FEMP

MBE 2.06% 3.05% 3.22% ±10% ±10% ±5%
CV (RMSE) 2.69% 3.97% 4.01% <30% <30% <20%

The measured values were expressed at 10 min intervals using dotted lines. The results
show that the predicted MBEs and cross-validation root mean square errors (CV(RMSE)s)
were within the acceptable range, as defined by the validation criteria set by ASHRAE
guidelines and IPMVP, with no more than a 5% deviation, respectively. These findings
suggest that THERB for HAM with NAF can accurately predict indoor air temperatures in
naturally ventilated houses.

MBE =
∑N

i=1(Mi − Si)

N
(8)

CV(RMSE) =

√
∑N

i=1

(
(Mi · Si)

2/N
)

∑N
i=1 Mi

N

(9)

where Mi and Si are the measured and simulated data at an instant i, respectively, and N is
the number of calibration values.

4. Simulation Results
4.1. Louver Improvement

Various louver openings in the living room with an area ranging from 0.08 to 0.76 m2

were evaluated, as shown in Figure 7. The tendency of the hourly air temperature slightly
decreased with large louver areas at night from 10:00 p.m. to 08:00 a.m., by approximately
0.3 ◦C. However, the situation was considerably reversed during the daytime, when the
temperature increased by 1 ◦C for large louvers. Meanwhile, the hourly indoor relative
humidity increased at night by approximately 86% at peak conditions and dropped signifi-
cantly by 56% during the day for the largest louver. However, the situation reversed for the
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lowest louver area. In addition, the absolute humidity slightly fluctuated for all louvers
tested, where the highest absolute humidity occurred at 10.00 p.m. by approximately
19.4 g/kg and dropped significantly to 18 g/kg during the daytime.

Sustainability 2023, 15, x FOR PEER REVIEW  13  of  24 
 

 
(c) 

Figure 6. Comparison of measured value and simulated value: (a) temperature; (b) relative humid-

ity; (c) absolute humidity. 

Table 8. Calibration criteria and prediction error. 

Indicator 
Prediction Error  Standard 

Temperature  RH  Abs. Humidity  ASHRAE  IPMVP  FEMP 

MBE  2.06%  3.05%  3.22%  ±10%  ±10%  ±5% 

CV (RMSE)  2.69%  3.97%  4.01%  <30%  <30%  <20% 

4. Simulation Results   

4.1. Louver Improvement 

Various louver openings in the living room with an area ranging from 0.08 to 0.76 m2 

were evaluated, as shown in Figure 7. The tendency of the hourly air temperature slightly 

decreased with large louver areas at night from 10:00 p.m. to 08:00 a.m., by approximately 

0.3 °C. However, the situation was considerably reversed during the daytime, when the 

temperature increased by 1 °C for large louvers. Meanwhile, the hourly indoor relative 

humidity increased at night by approximately 86% at peak conditions and dropped sig-

nificantly by 56% during the day for the largest louver. However, the situation reversed 

for the lowest  louver area. In addition, the absolute humidity slightly fluctuated for all 

louvers tested, where the highest absolute humidity occurred at 10.00 p.m. by approxi-

mately 19.4 g/kg and dropped significantly to 18 g/kg during the daytime. 

 
(a) 

Sustainability 2023, 15, x FOR PEER REVIEW  14  of  24 
 

 
(b) 

 
(c) 

Figure 7. Comparison of living room conditions by louver improvement cases: (a) temperature; (b) 

relative humidity; (c) absolute humidity. 

The daily cooling loads of the louver area cases were calculated, as shown in Figure 

8. Unlike in the existing case, the lowest cooling load is classified in Case 2 with a value of 

9.98 kWh (92.9%). However, when we enlarge the opening areas (C3 and C4), the daily 

cooling loads increase gradually to 14.25 kWh (132.7%). 

Figure 7. Comparison of living room conditions by louver improvement cases: (a) temperature;
(b) relative humidity; (c) absolute humidity.



Sustainability 2023, 15, 12173 14 of 22

The daily cooling loads of the louver area cases were calculated, as shown in Figure 8.
Unlike in the existing case, the lowest cooling load is classified in Case 2 with a value of
9.98 kWh (92.9%). However, when we enlarge the opening areas (C3 and C4), the daily
cooling loads increase gradually to 14.25 kWh (132.7%).
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4.2. Insulation Improvement

The insulation improvement plan in this study is optional for maintaining indoor
environment conditions. The impacts of insulation under external wall insulations, roof
insulations, ceiling insulations, and their combinations were investigated. Figure 9 com-
pares the hourly indoor temperature, relative humidity, and absolute humidity between
the existing and developed cases. The hourly indoor temperature obtained by adding
insulation level 1 reduces the temperature from 0.5 to 0.9 ◦C at night and during the day at
peak conditions. However, combining the insulations of the external wall, roof, and ceiling
(level 4) significantly reduces the indoor temperature from 1.0 to 2.1 ◦C compared with
the existing case at peak conditions. However, relative humidity significantly changed by
7% when the temperature increased at night and during the daytime. Moreover, the abso-
lute humidity slightly fluctuated according to the cases developed, where the maximum
value was introduced at night at 19.8 g/kg and dropped extremely to 17.8 g/kg during
the day. In addition, the daily cooling loads of the target room are gradually reduced by
various additional insulation levels, as shown in Figure 10. The daily cooling loads are
decreased on insulation level 4 (Case 8) by approximately 16.4% compared with that of the
existing case.
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4.3. Combined Model

The combined model between the louver opening area and various levels of insulation
was analyzed for 16 simulated cases. The impacts of the various cases on the indoor
environment were identified, as shown in Figure 11. The hourly indoor temperature is
reduced by 1.6 to 2.2 ◦C compared with existing cases at peak daytime conditions. The
relative humidity decreases from 6% to 8% and stabilizes at 60% during the day and 78% at
night. The absolute humidity presents a similar condition to the insulation cases developed,
where a maximum of 19.7 g/kg occurred at 10.00 pm and dropped extremely to 17.75 g/kg
during the day. Therefore, this study confirms that combining the louver opening area
and insulation by reducing the louver area of the existing case and adding insulations of
level 4 on an external wall, roof, and ceiling can effectively maintain indoor environment
conditions compared with the existing case. In addition, the daily cooling loads of the
target room for the combined cases show various results for the entire case, as illustrated in
Table 9. The results show that optimizing an improvement plan by combining the louver
opening area (C2) and adding an insulation level 4 (C8) declines the daily cooling loads by
25.09% compared with the existing case.
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Figure 11. Comparison of living room conditions by combined improvement cases: (a) temperature;
(b) relative humidity, (c) absolute humidity.

Table 9. Daily cooling load of improvement cases in the test house.

Cases Parameters
Daily Cooling Loads

kWh %

N Existing Model 10.74 100.00

C1 Reduce louvre 1 10.43 97.18
C2 Reduce louvre 2 9.98 92.98
C3 Enlarge louvre 1 11.90 110.88
C4 Enlarge louvre 2 14.25 132.77

C5 Insulation 1 10.47 97.53
C6 Insulation 2 9.63 89.67
C7 Insulation 3 9.51 88.60
C8 Insulation 4 8.98 83.67

C9 C1 + C5 9.94 92.57
C10 C1 + C6 9.08 84.54
C11 C1 + C7 8.94 83.24
C12 C1 + C8 8.36 77.88
C13 C2 + C5 9.68 90.21
C14 C2 + C6 8.75 81.48
C15 C2 + C7 8.63 80.41
C16 C2 + C8 8.04 74.91
C17 C3 + C5 11.70 108.97
C18 C3 + C6 10.93 101.79
C19 C3 + C7 10.80 100.60
C20 C3 + C8 10.32 96.13
C21 C4 + C5 14.05 130.89
C22 C4 + C6 13.35 124.39
C23 C4 + C7 13.27 123.64
C24 C4 + C8 12.88 120.01

4.4. Annual Cooling Loads on the Target Cities

The annual cooling loads for the existing and improved cases of the 14 cities were
analyzed, as illustrated in Table 10.
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Table 10. Annual cooling load of the developed cases for 14 target cities.

Cases Parameters
Annual Thermal Load per Unit of Living Room (63.37 m3) for Each City ((GJ/year) and (%))

Lhok-Seumawe Banda
Aceh Kerinci Wamena Cilacap Sumbawa

Besar Waingapu Surabaya Balikpapan Maluku
Utara Semarang Gorontalo Bima Madura

N Existing
Model

14.11 12.69 1.64 −0.07 11.45 15.35 6.28 22.93 18.04 14.52 24.93 14.97 22.58 22.50

(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)

Case 1 Reduce
louvre 1

13.71 12.42 1.60 −0.07 11.05 14.48 6.15 22.08 17.71 14.06 23.45 14.26 20.50 20.38

(97%) (98%) (97%) (102%) (97%) (94%) (98%) (96%) (98%) (97%) (94%) (95%) (91%) (91%)

Case 2 Reduce
louvre 2

13.12 11.83 1.43 −0.07 10.54 13.66 5.83 21.24 17.14 13.54 22.27 13.48 19.36 19.43

(93%) (93%) (87%) (101%) (92%) (89%) (93%) (93%) (95%) (93%) (89%) (90%) (86%) (86%)

Case 3 Enlarge
louvre 1

15.64 13.94 1.98 −0.08 13.19 17.73 7.07 25.67 19.49 16.10 29.43 17.28 26.33 26.78

(111%) (110%) (120%) (114%) (115%) (115%) (113%) (112%) (108%) (111%) (118%) (115%) (117%) (119%)

Case 4 Enlarge
louvre 2

18.73 16.63 2.58 −0.17 16.28 22.35 8.61 30.99 22.60 19.40 37.12 21.40 32.96 33.36

(133%) (131%) (157%) (237%) (142%) (146%) (137%) (135%) (125%) (134%) (149%) (143%) (146%) (148%)

Case 5 Insulation 1
13.76 12.31 1.51 −0.09 11.26 15.07 6.17 22.51 17.73 14.20 24.67 14.58 22.08 22.28

(98%) (97%) (92%) (125%) (98%) (98%) (98%) (98%) (98%) (98%) (99%) (97%) (98%) (99%)

Case 6 Insulation 2
12.65 11.37 1.32 −0.09 10.38 14.12 5.70 21.48 16.91 13.50 23.60 13.32 20.55 21.16

(90%) (90%) (81%) (124%) (91%) (92%) (91%) (94%) (94%) (93%) (95%) (89%) (91%) (94%)

Case 7 Insulation 3
12.50 11.24 1.22 −0.10 10.32 14.01 5.66 21.26 16.65 13.44 23.42 13.08 20.38 21.00

(89%) (89%) (74%) (134%) (90%) (91%) (90%) (93%) (92%) (93%) (94%) (87%) (90%) (93%)

Case 8 Insulation 4
11.80 10.56 1.13 −0.09 9.82 13.44 5.38 20.60 16.02 12.92 22.76 12.45 19.54 20.38

(84%) (83%) (69%) (117%) (86%) (88%) (86%) (90%) (89%) (89%) (91%) (83%) (87%) (91%)

Case 9 C1 + C5
13.06 11.75 1.35 −0.08 10.62 13.91 5.87 21.42 17.12 13.51 22.88 13.58 19.68 20.00

(93%) (93%) (82%) (105%) (93%) (91%) (93%) (93%) (95%) (93%) (92%) (91%) (87%) (89%)

Case 10 C1 + C6
11.93 10.70 1.18 −0.08 9.93 12.94 5.37 20.23 16.18 12.78 21.74 12.41 18.05 18.80

(85%) (84%) (72%) (107%) (87%) (84%) (86%) (88%) (90%) (88%) (87%) (83%) (80%) (84%)

Case 11 C1 + C7
11.74 10.59 1.13 −0.08 9.63 12.81 5.33 20.10 15.91 12.72 21.55 12.03 17.86 18.65

(83%) (83%) (69%) (107%) (84%) (83%) (85%) (88%) (88%) (88%) (86%) (80%) (79%) (83%)

Case 12 C1 + C8
10.99 9.87 0.96 −0.08 9.12 12.20 5.02 19.39 15.26 12.17 20.84 11.33 16.98 17.98

(78%) (78%) (58%) (109%) (80%) (79%) (80%) (85%) (85%) (84%) (84%) (76%) (75%) (80%)
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Table 10. Cont.

Cases Parameters
Annual Thermal Load per Unit of Living Room (63.37 m3) for Each City ((GJ/year) and (%))

Lhok-Seumawe Banda
Aceh Kerinci Wamena Cilacap Sumbawa

Besar Waingapu Surabaya Balikpapan Maluku
Utara Semarang Gorontalo Bima Madura

Case 13 C2 + C5
12.73 11.50 1.33 −0.07 10.29 13.32 5.70 20.90 16.77 13.23 21.98 13.08 18.90 19.22

(90%) (91%) (81%) (96%) (90%) (87%) (91%) (91%) (93%) (91%) (88%) (87%) (84%) (85%)

Case 14 C2 + C6
11.49 10.44 1.12 −0.07 9.45 12.31 5.22 19.71 15.77 12.70 20.79 11.72 17.24 18.01

(81%) (82%) (68%) (100%) (82%) (80%) (83%) (86%) (87%) (87%) (83%) (78%) (76%) (80%)

Case 15 C2 + C7
11.34 10.27 1.04 −0.07 9.26 12.21 5.17 19.52 15.54 12.37 20.60 11.50 16.96 17.82

(80%) (81%) (63%) (100%) (81%) (80%) (82%) (85%) (86%) (85%) (83%) (77%) (75%) (79%)

Case 16 C2 + C8
10.57 9.53 0.92 −0.07 8.69 11.57 4.85 18.79 14.87 11.81 19.85 10.78 16.03 17.12

(75%) (75%) (56%) (96%) (76%) (75%) (77%) (82%) (82%) (81%) (80%) (72%) (71%) (76%)

Case 17 C3 + C5
15.37 13.60 1.87 −0.08 13.00 17.51 6.94 25.38 19.21 15.82 29.15 17.19 25.85 26.51

(109%) (107%) (114%) (115%) (113%) (114%) (111%) (111%) (106%) (109%) (117%) (115%) (115%) (118%)

Case 18 C3 + C6
14.36 12.85 1.66 −0.08 12.40 16.60 6.49 24.48 18.33 15.46 28.23 16.01 24.46 25.51

(102%) (101%) (101%) (107%) (108%) (108%) (103%) (107%) (102%) (106%) (113%) (107%) (108%) (113%)

Case 19 C3 + C7
14.19 12.64 1.61 −0.08 12.13 16.50 6.46 24.20 18.26 15.13 28.03 15.68 24.31 25.39

(101%) (100%) (98%) (107%) (106%) (107%) (103%) (106%) (101%) (104%) (112%) (105%) (108%) (113%)

Case 20 C3 + C8
13.56 12.03 1.49 −0.08 11.70 16.01 6.21 23.62 17.68 14.65 27.45 15.11 23.56 24.83

(96%) (95%) (91%) (110%) (102%) (104%) (99%) (103%) (98%) (101%) (110%) (101%) (104%) (110%)

Case 21 C4 + C5
18.46 16.34 2.45 −0.17 16.04 22.11 8.49 30.80 22.27 19.13 36.97 21.21 32.55 33.16

(131%) (129%) (149%) (235%) (140%) (144%) (135%) (134%) (123%) (132%) (148%) (142%) (144%) (147%)

Case 22 C4 + C6
17.55 15.58 2.27 −0.18 15.48 21.39 8.10 29.92 21.50 18.79 36.13 19.99 31.43 32.30

(124%) (123%) (138%) (247%) (135%) (139%) (129%) (131%) (119%) (129%) (145%) (134%) (139%) (144%)

Case 23 C4 + C7
17.44 15.47 2.20 −0.16 15.34 21.28 8.06 29.79 21.44 18.56 36.02 19.90 31.17 32.16

(124%) (122%) (134%) (225%) (134%) (139%) (128%) (130%) (119%) (128%) (145%) (133%) (138%) (143%)

Case 24 C4 + C8
16.93 14.99 2.07 −0.18 15.01 20.87 7.87 29.32 20.99 18.18 35.56 19.50 30.61 31.75

(120%) (118%) (126%) (246%) (131%) (136%) (125%) (128%) (116%) (125%) (143%) (130%) (136%) (141%)



Sustainability 2023, 15, 12173 20 of 22

This study reports that the maximum annual cooling loads for existing cases are classi-
fied in Semarang at approximately 24.93 GJ/year, followed by Surabaya at 22.93 GJ/year
and Bima at 22.58 GJ/year. The other cities are evaluated as averaging 14.42 GJ/year, with
a minimum occurring in Wamena.

By modifying the louver opening area, the annual cooling loads decreased approxi-
mately by 14.26% in Bima, followed by Madura at 13.66%, Kerinci at 12.90%, Semarang at
10.69%, and Gorontalo at 9.96%. The average decrease in annual cooling loads for all cities
simulated is 1.37 GJ/year (9%) compared with the existing case.

Meanwhile, adding the insulation level into the test house to control annual cooling
loads is better than modifying louver openings by approximately 1.80 GJ/year (12%) for
all of the cities. The annual cooling loads of Kerinci is decreased by 31.03%, followed by
Gorontalo at 16.84%, Banda Aceh at 16.80%, and Lhokseumawe at 16.33% compared to
each existing case.

Moreover, combination case 16 (C16) shows the best optimization of energy consump-
tion reduction for all the simulated cases. The maximum annual cooling loads are decreased
by approximately 6.55 GJ/year (29%) in Bima, followed by Madura at 5.39 GJ/year (23.93%),
Semarang at 5.08 GJ/year (20.37%), and Gorontalo at 4.19 GJ/year (27.97%) compared
with the existing case. Notably, the estimation of total annual cooling by applying the
optimizing cases of this study was 155.30 GJ/year, and it could save the annual cooling load
by 46.63 GJ/year (23.09%) for all of the simulated cities compared with the existing case.

5. Conclusions

In this study, we proposed an improvement plan by modifying the louver opening
area targeting typical Indonesian housing and adding proper insulation to the external
wall, roof, and ceiling. The numerical software THERB with NAF (TherbV70NAF) was
used, and the simulation accuracy was confirmed using field-measured data. THERB
for HAM is an official software approved by the Japanese government and is validated
through standardized tests, such as the Building Energy Simulation Test (BESTEST) [23,35].
A numerical analysis was conducted to examine the improved effect of the developed cases.
Additionally, the annual cooling loads for the 14 target cities in Indonesia were calculated.
A summary of this study is as follows:

1. Louver openings affect indoor conditions, where the larger the louver opening area,
the higher the indoor temperature during daytime, and the lower the relative humidity.
However, the situation was sharply reversed at night, when the temperature slightly
decreased for a larger louver compared with the existing case.

2. Proper insulation effectively reduced indoor temperatures and controlled relative
humidity. Compared to the existing model, level 4 insulation could reduce the indoor
temperature and relative humidity by 2.10 ◦C and 7% at peak conditions.

3. The combination cases improved between various louver openings, and insulation
could reduce the indoor temperature to 2.2 ◦C at peak conditions, and the relative
humidity was stable at 60% and 78% during the day and at night.

4. Daily cooling loads of the test house in the selected area present a significant decrease
in energy consumption by applying the most improved case of approximately 25.09%
compared with the existing case.

5. The annual cooling load of each city declined by over 3.33 GJ/year. Therefore, the total
annual cooling employing the optimizing cases was 155.30 GJ/year, which could save
the annual cooling load of 46.63 GJ/year (23.09%) compared with the existing case.

This study established a plan to improve indoor temperature and reduce the energy
consumption of low-income households in tropical climates through a passive approach.
These results can be used as a reference not only for Indonesia but also for researchers in
other tropical countries. Additionally, a simulation model was validated using measured
values from a city in Indonesia. However, to gain a deeper understanding of the improved
plan’s impact, it is essential to conduct an experimental review by measuring a house where
the proposed system is installed across all climate zones in the selected cities. Therefore, the



Sustainability 2023, 15, 12173 21 of 22

proposed system in this study can be implemented in the regulation of green building for
single housing designs and construction in Indonesia, aiming to achieve energy efficiency
and comfort.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su151612173/s1, Figure S1: Inflow boundary condition (a) inflow
wind speed, (b) turbulence energy dissipation rate, and (c) turbulence energy.
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