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Abstract
Indonesia has set a roadmap to achieve energy-efficient buildings by 2050. This study explored potential energy 
demand reduction through building retrofit between 2024 and 2050, aligning with Indonesia's roadmap and 
Paris Agreement to promote Nearly-Zero Energy Buildings (NZEB) concept. This study examines the impact 
of combining insulation retrofitting and photovoltaic (PV) system integration on reducing energy demand 
in existing buildings in Indonesia, considering both the 2024 and 2050 climate conditions. Three insulating 
materials with a thickness of 50 mm were selected, based on their thermal properties and material cost. The 
selected materials were rockwool, polyisocyanurate (PIR), and aerogel board as an internal layer of the walls. 
In addition, an economic evaluation was conducted to compare the cost-effectiveness of the three insulation 
materials, assessing not only energy savings but also payback periods. The results were obtained through 
U-value calculation, energy simulation, Photovoltaic (PV) panels simulation and economic evaluation. From 
the three selected insulation materials, PIR showed the highest energy demand reduction with a reasonable 
payback period of 15 years. Based on the simulation, PIR potentially reduced Energy Use Intensity (EUI) by 
22.5% and 29.9% in the 2024 and 2050 climate database, respectively. PV panels, particularly the 300 Wp 
system with a shorter payback, covered an average of 31.5% of the building's final energy demands after 
adding PIR as an insulation in the 2024 climate database. The combined retrofit strategy reduced the overall 
payback period to 8.3 years. These findings highlight the NZEB approach as a viable pathway to support 
Indonesia’s energy-efficient building and renewable energy targets.
Keywords: building retrofit; energy demand reduction; energy use intensity; nearly-zero energy buildings; 
renewable energy.

Introduction
According to the Intergovernmental Panel on Climate Change’s (IPCC) 6th Assessment report 
(2021), the climate has already warmed 1.1°C since 1850-1900 and the global mean air tempera-
ture is expected to reach or exceed 1.5°C within the next few decades or even higher up to 5°C by 
the end of this century (IPCC, 2023). In dealing with the situation, the 21st UN Climate Conference 
(COP21) in December 2015 in Paris, France, aimed to limit the global temperature increase to 
1.5°C (UNEP, 2024).

Heat waves are significant challenges for the future climate, with the potential to substantially 
impact indoor building conditions and its occupants’ health, especially considering that humans 
spend 86.9% of their time indoors (Liyanage et al., 2024; Nelson et al., 1994). Heat waves are par-
ticularly noticeable in Indonesia that is located in tropical regions with a high mean temperature 
range of 28°C to 32°C (BMKG, 2024). A warmer climate will affect not only the durability of building 
materials but also indoor environments, creating an increased demand for cooling systems (IPCC, 
2023). To address this issue, it is crucial to reduce heat transfer through the building envelope, 



127
Journal of Sustainable Architecture and Civil Engineering 2025/2/38

including walls, roofs, and windows. One effective approach is to apply insulation to the walls, 
which represent the majority of the envelope’s surface area. Walls are continuously exposed to 
solar radiation and tend to absorb and release external heat, especially when exposed to direct 
sunlight, making them critical targets for thermal retrofit strategies that aimed at minimizing heat 
gain and improving energy efficiency (Lechner & Andrasik, 2022).

Globally, energy consumption for cooling systems has tripled since 1990 (UNEP, 2024). With its 
hot and humid climate, the cooling systems of buildings in Indonesia show the highest proportion 
of energy consumption in buildings, about 60% (ESDM & Danish Energy Agency, 2022). On the oth-
er hand, buildings generate emissions during both the construction and operational phases, with 
the operational phase being a major source of carbon emissions and accounting for up to 37% of 
energy consumption (UNEP, 2024). The rising emissions have driven global initiatives, such as the 
Paris Agreement, to make a Nearly-zero Energy Buildings (NZEB) concept as a goal for reducing 
carbon emissions (EPA, 2023). 

The term “nearly” in Nearly-zero Energy Building (NZEB) refers to a high energy performance, 
low-energy needs, and largely covered by onsite and nearby renewable energy sources (European 
Union 2018). Aligning with the NZEB concept, through Government Regulation No. 79/2014 on 
National Energy Policy, the Indonesian government has set a goal of achieving new and renewable 
energy to reach at least 23% in 2025, with a target of at least 31% in 2050 (ESDM & Danish Energy 
Agency, 2022).  

The process of achieving Net Zero Energy Buildings (NZEB) can be divided into two main phases. 
the design phase and the operational phase (UN, 2023). The design phase focuses on reducing 
building energy demand by minimizing loads, improving energy efficiency, and integrating on-site 
renewable energy systems. Meanwhile, the operational phase focuses reducing building ener-
gy consumption mainly through energy retrofitting of existing buildings (Asdrubali et al., 2019). 
Retrofit is the process of making improvements or modifications to the existing buildings or sys-
tems to improve their energy efficiency, sustainability, and performance (Pacheco-Torgal, 2017). 
One of its goals is the improvement of the building envelope materials which has the greatest 
influence on energy demand (Elnabawi et al., 2024). One of the strategies is to focus on optimizing 
the building envelope to minimize energy demand, particularly cooling loads. The effectiveness 
of the building envelope in maintaining its indoor thermal condition is determining the amount 
of energy required by an active HVAC system to establish thermal comfort within the building 
(Papadopoulus et al., 2008). Tightening the thermal envelope by adding thermal insulation is an 
effective method to avoid heat and reduce energy demands, as the envelope acts as a barrier 
between the outdoor and indoor climates of the building (Lechner & Andrasik, 2022). Silveira et 
al. (2019) found that internal insulation is more suitable for tropical climates than external insu-
lation due to condensation risks on cooler surface temperatures and related to the mold issues. 
According to the International Standards Organization (ISO) and the European Standardization 
Committee (CEN), materials classified as thermal insulation are materials with a thermal conduc-
tivity lower than 0.065 W/m.K which means the material has a low ability to conduct heat (Danaci 
& Akin, 2022).

Thermal insulation materials are generally categorized into three main groups, such as inorganic, 
organic, and advanced with the thermal conductivity ranging from 0.03 W/m.K to 0.07 W/m.K, 
0.02 W/m.K to 0.055 W/m.K, and below 0.01 W/m.K, respectively (Pásztory, 2021). In addition 
to thermal conductivity, insulation materials suitable for hot and humid tropical climates should 
also have high moisture resistance to prevent water absorption, which can reduce their effec-
tiveness (Lechner & Andrasik, 2022). Among the available options, Rockwool (inorganic) is the 
most cost-effective and widely used material (8.42 USD/m2) for a thickness of 50 mm, Aerogel 
(advanced) offers the best insulation performance but is also the most expensive material (174.55 
USD/m2) for the same thickness, while Polyisocyanurate or PIR (organic) provides a balance 
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between performance and cost (17.81 USD/m2) for 50 mm thickness. These prices represent the 
average market rates in Indonesia and derived from products commonly available in the local 
market.

Based on a previous study, rockwool insulation on a building in tropical Malaysia decreased 
monthly power reduction by 16.67% (Muhieldeen et al., 2020). Meanwhile, in the hot and humid 
climatic conditions of UAE, 50 mm of PIR was added to a building and showed a 23% energy de-
mand reduction (Rehman, 2017). Aerogel, which was applied as an advanced insulation for exteri-
or walls in the hot-humid climate conditions of Turkey, achieved an 8% savings in energy demand 
compared to rockwool (Danaci & Akin, 2022). 

In addition to the insulation strategy, the installation of photovoltaic (PV) panels on the rooftop 
maximize solar exposure in tropical climates for generating renewable energy on-site and sub-
sequently reduce energy load (Balali et al., 2023; Shukla et al., 2023). PV panels were designed to 
cover at least 31% of the total energy demands of the building, aligning with Indonesia's National 
Energy Policy for 2050 based on Government Regulation of The Republic of Indonesia Number 79 
of 2014 on National Energy Policy (ESDM, 2014).

Rising global temperatures due to climate change pose significant challenges, particularly energy 
demand increases in buildings. For instance, the Pusgiwa building at Universitas Indonesia was 
chosen as a case study. This study aimed to address the impact of climate change on energy 
demand in Pusgiwa UI through the development of comprehensive strategies by optimizing the 
building envelope with thermal insulation and integrating photovoltaic (PV) panels to generate 
on-site renewable energy to cover at least 31% of the building's energy demands. The goals were 
to reduce energy demand under the 2024 and 2050 climate database, considering the expected 
temperature rise. In addition to technical performance, an economic evaluation was conducted 
to assess the cost-effectiveness of the selected insulation materials. This evaluation considered 
installation costs, energy savings, payback periods, and long-term financial benefits, providing a 
practical framework for decision-makers to select insulation solutions that balance both energy 
efficiency and economic feasibility. It is hypothesized that if combined strategies were implement-
ed in buildings, those strategies would reduce energy consumption and contribute to the broader 
global effort of mitigating climate change impacts while advancing sustainable building practices 
towards the NZEB concept.

Materials 
and 

Methods

Case study: Pusgiwa Building, Universitas Indonesia

Student Activity Center Building of Universitas Indonesia (Pusgiwa UI) is an educational building 
located on Jl. Prof. Dr. Fuad Hassan in Depok City, West Java. The Pusgiwa UI has an approximate 
area of 19,500 m² which is divided into 8 floors as shown in Fig. 1. The building is used as a student 

activity centre and offices, providing spaces 
for various academic activities, extracurricu-
lar, and administrative functions. Pusgiwa UI 
is implementing the concept of green build-
ing and has received Final EDGE Certification 
from Green Building Council Indonesia (GBCI) 
with 22% energy saving and 34% water saving 
(EDGE, 2023). Pusgiwa UI is well-positioned 
to adopt the NZEB approach which aims the 
energy demand to near zero by relying on re-
newable energy while Pusgiwa UI has already 
prioritized energy efficiency.

Fig. 1
Pusgiwa Building at 

Universitas Indonesia
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Pusgiwa UI building consumed 350,453 
kWh of energy annually or 17.97 kWh/
m²/year according to the Energy Use 
Intensity (EUI) measurement in 2024. 
The energy consumption was distributed 
across various categories, with cooling 
load taking the majority at 73.3%, fol-
lowed by electrical equipment at 16.2% 
and lighting at 10.5% as shown in Fig. 2. 
The data showed the significant role of 
cooling systems in the building's energy 
consumption, indicating potential areas 
for energy efficiency improvements and 
sustainability initiatives.

Based on field measurement, the details of Pusgiwa UI specifications were floor area, number 
of floors, wall materials, energy consumption, EUI, cooling setpoint, occupant density, lighting 
load, equipment load, and weather data for Energy simulation as shown in Table 1. For occupant 
density, it was assumed by collecting data on Pusgiwa's users of for a month. Students were 
counted based on academic and extracurricular activities schedules in Pusgiwa (such activities 
still occurred infrequently), while office staffs were counted based on daily attendance.

Fig. 2
Percentage of Pusgiwa's 
energy consumption by 
categories

Type of Building Specifications

Floor Area ± 19,500 m²

Number of floors 8 floors

Wall Materials Autoclaved Aerated Concrete (AAC), coverage: 6096 m²

Energy Consumptions 350,453 kWh/year

EUI 17.97 kWh/m²/year

Cooling setpoint 25°C

Occupant density 0.01 people/m²

Lighting load 0.12 kWh/m²

Equipment Load 1.99 kWh/m²

Weather data
Energy Plus Weather File (EPW File)

Jakarta-Soekarno-Hatta.Intl.AP JW IDN 967490 TMYx

Building Envelope Materials

This study focuses on the materials used in the walls of Pusgiwa UI, which are part of the building 
envelope. The Pusgiwa’s walls were built by using Autoclaved Aerated Concrete (AAC), covering an 
area of approximately 6,096 m². AAC material has a thermal conductivity value of 0.042 W/m.K, a 
thickness of 100 mm and density of 115 kg/m³ (Pagoni et al., 2024). The thermal conductivity of a 
material affects the U-value, which in turn affects heat transfer and thermal comfort (BSN, 2020).

The conditioned spaces of Pusgiwa, which were used as classrooms and offices, oriented to the 
north and south. The primary wall material was AAC blocks, with exposed clay brick used as an 
accent. In this study, the exposed clay brick areas were excluded.

Table 1
Pusgiwa Building 
specifications and energy 
simulation inputs
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Macroclimate

The macroclimate data was derived from the Meteorology, Climatology, and Geophysics Agency 
of Indonesia (BMKG) and Weatherspark (2024), while the data for the simulation was obtained 
from the EnergyPlus Weather File (EPW File) for Soekarno-Hatta International Airport compiled 
as a Typical Meteorological Year (TMYx) dataset. For the 2050 climate scenario, the EPW file was 
morphed based on World Bank Group (WBG) and IPCC climate projections (WBG, 2021; IPCC, 
2022). The macroclimate data provided insights for long-term climate planning in tropical regions.

The temperature in Depok City, Indonesia has increased by 5.2°C since the year 2000. In 2024, the 
mean air temperature was 31.2°C, and it was projected to rise by 1.63°C across Indonesia by 2050, 
reaching an average of 33.83°C (BMKG, 2024; Weatherspark, 2024; WBG, 2021).

Methods

This research consisted of input, process, and output (Fig. 3). In terms of input, the literature study 
discussed the indicator of NZEB targets: a high energy performance, low-energy needs, and near-
by renewable energy sources to cover the energy demand. To achieve NZEB targets, retrofits were 
implemented by applying thermal insulation and PV Panels. Data collection included both primary 
and secondary sources related to the selected case study: Pusgiwa UI, an educational building. 
The parameters used in this study were U-value, EUI, and mean air temperature to evaluate how 
thermal properties of materials affected the energy demand and indoor conditions.

Fig. 3
Research Framework

The process consisted of 2 steps of retrofit strategies: application of thermal insulation and PV 
Panel. The energy simulation of the existing Pusgiwa Building served as a baseline (A0) for Step 1. 
Step 1 involved application of insulation materials as an additional layer to the existing AAC inte-
rior surface wall on Pusgiwa UI and analyzed the reduction of EUI by comparing to the baseline in 
2024 and 2050 climate database. These two climate databases were used to prepare the building 
for responding to the climate conditions not only in the present but also in the future. 

This study focused on three selected insulation materials based on their thermal properties and 
material cost: rockwool (inorganic material), PIR (organic Material), and aerogel board (advanced 
material) which all had a thickness of 50 mm as shown in Table 2 (Rehman, 2017; Danaci & Akin, 
2022). Aerogel as an advanced material has a thin thickness, thus in this study an aerogel board 
was used to achieve the same thickness of 50 mm as shown in Fig. 4 (Pagoni et al., 2024; AGITEC 
International AG, 2023). The independent variables used in the selection of insulation materials 
were thermal conductivity (W/m.K), density (kg/m³), and specific heat (kJ/kg.K), with thickness 
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(mm) as a control variable. Thermal conductivity reflects how well a material transfers heat, while 
specific heat indicates the amount of thermal energy a material can store per unit mass and 
temperature (Danaci & Akin, 2022; Harkness, 1970). The 50 mm thickness was chosen based on 
Rehman (2017) that evaluated 50 mm PIR in a UAE building and achieved a 23% energy demand 
reduction. Additionally, this thickness reflected practical considerations such as cost and local 
availability. These materials were highlighted for their thinner layer and their efficient thermal 
performance compared to other materials in reducing building load and space impact (Rehman, 
2017). The most suitable insulation material in this study was determined based on the objective 
of achieving the lowest energy demand reduction (EUI reduction) combined with a reasonable 
return of investment (ROI) or payback periods. ROI represents the time required for the initial 
investment to be recovered through an annual energy cost saving. ROI calculated by dividing the 
total installation cost by the estimated annual electricity savings.

Scenario Materials

Material Properties

Independent Variables Control Variable

Thermal 
Conductivity  

(W/mK)

Density 
(kg/m3)

Specific Heat 
(kJ/kgK)

 Thickness  
(mm)

A0
AAC  
(Baseline)

0.042 

(Pagoni et al., 
2024)

115 
(Pagoni et al., 
2024)

850 
(Liu & 
McNabola, 
2024)

100 
(Pagoni et al., 
2024)

A1 AAC + Rockwool

0.044 
(Liu & 
McNabola, 
2024)

100 
(Liu & 
McNabola, 
2024)

1470 
(Liu & 
McNabola, 
2024)

100 + 50 
(Liu & 
McNabola, 2024)

A2 AAC + PIR
0.018

(Rehman, 2017)

30 
(Rehman, 
2017)

1500 
(Rehman, 
2017)

100 + 50 
(Rehman, 2017)

A3
AAC +  
Aerogel board

0.016 
(AGITEC 
International 
AG, 2023)

155 
(AGITEC 
International 
AG, 2023)

1200 
(Aegerter et 
al., 2023)

100 + 50 
(AGITEC 
International AG, 
2023)

Table 2
Material Properties of 
Existing Pusgiwa Wall 
and Selected Insulation 
Material Scenarios

Fig. 4
Wall Configurations
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Step 2 of the retrofit strategy was PV panel simulation by using a Helioscope to cover at least 31% 
of the building’s post-intervention energy demands (the result from the energy demand reduction 
in Step 1: application of insulation material) as a substitution to conventional energy sources. The 
PV panel simulation input consisted of the surface area for PV panel installation, building location, 
type and specifications of the PV panels, and the tilt position of the panels. The selected PV panel 
specifications were referred to the minimum 40% domestic component level (TKDN) as required 
by the Regulation of the Minister of Public Works and Housing No. 21 of 2021 (PUPR, 2021).

The output of this study was to optimize the building envelope by applying insulation material to 
the walls to reduce energy demand at Pusgiwa UI and installing PV panels to cover the energy 
demand with onsite renewable energy sources. The result of this study was expected to allow 
Pusgiwa UI in achieving NZEB targets with near zero energy demand and relying on renewable 
energy.

U-Value Calculation

Based on SNI 6389:2020, the definition of U-value or thermal transmittance is the amount of heat 
transfer from the air on one side of a material to the air on the other side (BSN, 2020). U-value is 
calculated by considering the thermal resistance of the air layers on both sides of the material. 
For walls or fenestration which consist of multiple building components, the U-value is calculated 
by using the following formula:

U = Thermal transmittance (W/m2K)

Rtotal = The total thermal resistance of all wall layers, including the inner and outer air layers 
(m2K/W)

Rul = Outer surface air layer resistance (m²K/W)

Rk = Thermal resistance of the material (m²K/W)

t = Material thickness (m)

k = Thermal conductivity of the material (W/m.K)

Rru = Air cavity thermal resistance (m²K/W)

Rup = Inner surface air layer resistance (m²K/W)

Energy Consumption Simulation

This study used Rhino and Grasshopper to calculate the energy consumption in terms of energy 
use intensity (EUI) of the existing building. These tools modeled and analyzed building energy 
consumption in current condition by using EPW files that represented weather data for the entire 
year of 2024 and also predict the 2050 weather data scenarios by using morphed EPW files gen-
erated by the CCWorldWeatherGen tool. This tool converted current EPW files into climate change 
projections for 2050 using IPCC data and the 'morphing' methodology (Jentsch et al., 2013; IPCC, 
2021). The morphing approach allowed for accurate simulations to assess and optimize building 
energy performance under the 2050 climate conditions.

(1)

(2)
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The variables considered in the simulation 
process included the material properties of 
Pusgiwa UI’s wall, occupant density (peo-
ple/m²), electrical and equipment energy 
load (kWh/m²), and setpoint for the cooling 
system. Additionally, the accuracy of the 3D 
model and building orientation were used to 
ensure reliable simulation results as shown 
in Fig. 5.

The simulation inputs for Energy Consumption were derived from field observations and mea-
surements. The walls’ material characteristics, which defined by their thickness (m), density 
(kg/m³), specific heat (kJ/kg.K), and thermal conductivity (W/m.K), were included as inputs. The 
occupant density was set at 0.01 people/m², while the electrical energy load was 0.12 kWh/m², 
and the equipment energy load was 1.99 kWh/m². The cooling system setpoint was set at 25°C, 
and the building orientation was facing east. These variables were carefully considered to ensure 
the reliability and accuracy of the energy consumption simulation.

PV Panels Simulation for Renewable Energy

Photovoltaic (PV) panels were simulated by using Helioscope, a web-based PV design software. 
Helioscope was used to obtain the maximum energy capacity of PV modules by considering the 
available installation area, module type, and solar exposure on the Pusgiwa building. This study 
used Jakarta Soekarno Hatta climate data to gain the solar energy potential, aligned with the EPW 
file that was used in Energy Consumption Simulation. The PV module was selected by considering 
the domestic component level (TKDN) with the minimum of 40% as required by Regulation of the 
Minister of Public Works and Housing No. 21 of 2021 and the data availability in the Helioscope 
(PUPR, 2021; Kemenperin, 2024). The PV modules installed on the Pusgiwa rooftop as shown in 
Fig. 6 were set up with a tilt angle 10° towards the north with an azimuth angle of 0° based on a 
previous study in Indonesia (Sugiono et al., 2022).

Fig. 5
Pusgiwa 3D Models for 
Energy Consumption 
Simulation

Fig. 6
PV module installation 
in Pusgiwa Rooftop 
(HelioScope Simulation, 
2025)

Results and 
Discussion

Baseline Calculation and Simulation

The EUI baseline conditions of Pusgiwa UI used as a benchmark for analyzing intervention sce-
narios. The U-value of AAC in Pusgiwa’s wall was 3.15 W/m².K. The simulation for the baseline 
condition of energy consumption was 17.99 kWh/m²/year for 2024, showing a 0.11% deviation 
from Pusgiwa UI's actual EUI measurement (17.97 kWh/m²/year). For 2050, based on morphed 
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weather data, energy consumption was estimated at 23.06 kWh/m²/year, reflecting a 28.18% in-
crease from the 2024 climate database. The increase in energy consumption highlighted the im-
pact of climate change on building energy performance.

Step 1: Application of Insulation Materials
The first step of the retrofit strategy used in this study was adding insulation materials (scenario 
A1, A2, and A3) to the interior side of the existing wall material (baseline A0). The energy sim-
ulation was used to determine the most suitable insulation material that can improve the build-
ing’s thermal performance, energy efficiency and prepared to face the 2050 climate conditions at 
Pusgiwa UI. The results showed that the simulations conducted under the 2024 and 2050 climate 
database revealed significant differences in EUI. These results implied that the selected insulation 
materials had an effect on reducing EUI, with the EUI results also influenced by the 2050 climate 
database. 

By comparing the EUI from baseline scenario (A0) with various intervention scenarios (A1, A2, 
and A3), the data showed the effectiveness of different materials in improving energy efficiency 
(Table 3). AAC (A0) showed a U-value of 0.39 W/m²K and EUI of 17.99 kWh/m²/year. By adding 
Rockwool insulation (A1), U-value was reduced to 0.27 W/m²K, EUI was also reduced by 18.6%. 
PIR (A2) reduced the U-value to 0.19 W/m²K and achieved the best performance with a 22.5% EUI 
reduction, making it the most effective material for improving thermal performance. Meanwhile, 
the Aerogel board (A3) reduced the U-value to 0.18 W/m²K and EUI by 21.9%. The use of rockwool 
(18.6%) and Aerogel (21.9%) in Pusgiwa UI led to a more significant reduction in EUI compared to 
the previous study, which showed a 16.67% reduction for rockwool in a building in tropical Malaysia 
and an 8% reduction for aerogel in the hot-humid climate conditions of Turkey (Muhieldeen et al., 
2020; Danaci & Akin, 2022). Meanwhile, the use of PIR in Pusgiwa UI showed a similar reduction 
of 22.5%, compared to the 23% reduction from the previous study in the hot and humid climatic 
conditions of the UAE (Rehman, 2017).

Wall Insulation

Materials
U-Value  
(W/m²K)

2024 Climate Database 2050 Climate Database

EUI  
(kWh/m². 

year)

Energy Consumption 
(kWh/year)

EUI 
(kWh/m². 

year)

Energy Consumption 
(kWh/year)

A0 AAC (Baseline) 0.39 17.99 350,803.56 23.06 449,668.16

A1 AAC + Rockwool 0.27
14.60 

(-18.6%)
284,698.83

16.96 
(-26.5%)

330,718.64

A2 AAC + PIR 0.19
13.94 

(-22.5%)
271,828.88

16.16 
(-29.9%)

315,118.71

A3
AAC + Aerogel 

board
0.18

14.05 
(-21.9%)

273,973.88
16.09 

(-30.2%)
313,753.71

Table 3
Intervention through 

Wall Insulation Under the 
2024 and 2050 Climate 

Conditions

In the 2050 climate database, the baseline EUI (A0) was calculated to be 23.06 kWh/m²/year. With 
the application of Rockwool (A1), the EUI was reduced to 16.96 kWh/m²/year, showing a 26.5% 
reduction. PIR (A2) surpassed all insulation materials by reducing 29.9% EUI to 16.16 kWh/m²/
year compared to the baseline. Aerogel board (A3) showed a smaller reduction, with an EUI of 
16.07 kWh/m²/year, a 30.2% reduction in energy efficiency compared to the baseline. This result 
demonstrated the efficiency of PIR to reduce building energy consumption as global temperatures 
rise. In addition to its reduction in energy consumption, PIR (A2) also demonstrated the lowest 
mean air temperature (Table 4) and the shortest heat duration (Table 5) in both the 2024 and 2050 
climate database.
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Wall Insulation - 2024 and 2050 Climate Database

Year Average Indoor Air Temperature (°C)

A0

2024

2050

A1

2024

2050

Table 4
Average Indoor Air 
Temperature Results for 
Wall Insulation Simulation 
Scenarios
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Wall Insulation - 2024 and 2050 Climate Database

Year Average Indoor Air Temperature (°C)

A2

2024

2050

A3

2024

2050
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Table 5
Average Cooling Energy 
Results for Wall Insulation 
Simulation Scenarios

Wall Insulation - 2024 and 2050 Climate Database

Year Average Cooling Energy (kWh)

A0

2024

2050

A1

2024

2050
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Wall Insulation - 2024 and 2050 Climate Database

Year Average Cooling Energy (kWh)

A2

2024

2050

A3

2024

2050
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Step 2: Application of PV Panels

For the second step of the study, the integration of 200 modules of Monocrystalline Photovoltaic 
(PV) Panels was simulated to evaluate the renewable energy potential to meet the energy demand 
of the Pusgiwa UI. Two types of PV Panels listed in the Helioscope modules library and compliant 
with Indonesia’s domestic component level requirement (TKDN above 40%) were selected for 
the simulation The selected PV Panels were local manufactured modules with power capacities 
of 300 Wp and 455 Wp which have a TKDN level of 47.5% (Kemenperin, 2024; HelioScope, 2025).

The PV Panels were installed on the building's roof with a fixed tilt of 10° to the north to optimize 
the energy capture based on the building's location and orientation (Abd Malek et al. 2018). Based 
on the Annual Production Report from HelioScope simulation, the 300 Wp system generated 
an annual output of 130,253.5 kWh, while the 455 Wp system generated 85,652.2 kWh annually 
(Fig. 7). These outputs are equivalent to cover 31.5% of the building’s annual energy demand when 
using the 300 Wp system and 47.9% when using the 455 Wp system, based on the final Pusgiwa 
building's energy needs (271,828.88 kWh/year) that had already been reduced by 22.5% from the 
result of the application of insulation material by using the 2024 climate database. The overall re-
duction in energy use and the combination with the PV system's contribution supports Indonesia's 
national target, as outlined in Government Regulation No. 79/2014, to achieve 31% renewable 
energy in buildings by 2050.

Fig. 7
Monthly Average of 
PV Power Production 
(HelioScope Simulation, 
2025)

Economics Evaluation

The application of insulation materials such as Rockwool, PIR, and Aerogel has showed a various 
energy demand reduction in tropical climates. In this study, an economic evaluation was conduct-
ed to compare the cost-effectiveness of the three insulations for a total building envelope cover-
age area of 6,096 m². In local markets, Rockwool is the most cost-effective option at approximate-
ly 8.42 USD/m², followed by PIR at 21.37 USD/m², and Aerogel at 174.55 USD/m². When applied to 
the total coverage area, the total material costs are 51,313.13 USD for Rockwool, 108,546.11USD 
for PIR, and 1,064,029.09 USD for Aerogel. Based on the local electricity rate of 1,500 IDR/kWh (≈ 
0.09 USD/kWh), the return of investment (ROI) was calculated based in the EUI reduction for 2024 
climate database. The results showed that Rockwool achieved a payback period of approximately 
9 years, PIR around 15 years, and Aerogel a significantly longer payback of 152 years. Although 
PIR insulation has a longer payback period compared to Rockwool, its thermal performance made 
it a strategic choice for long-term energy efficiency with 22.5% EUI reduction. Therefore, PIR with 
a return on investment within 15 years is still considered acceptable, especially when aligned with 
national energy transition goals set for 2050.



Journal of Sustainable Architecture and Civil Engineering 2025/2/38
140

To further improve efficiency, a rooftop PV panels by using 200 modules of two locally available 
options, such as 300 Wp panels (164 USD/module) and 455 Wp panels (248 USD/module). The 
455 Wp system generated 130,254 kWh annually, resulting in electricity savings of 11,841.23 USD/
year and an ROI of 4.1 years. Meanwhile the 300 Wp system produced 85,652 kWh/year, saving 
7,786.54 USD annually with an ROI of 4.2 years.

When combined the PV panels with PIR insulation, the integrated systems significantly improve 
overall payback. The combination of PIR insulation with the 455 Wp PV system yields a total ROI of 
9.4 years, while the combination with the 300 Wp system offers an even shorter ROI of 8.3 years. 
These results highlight the effectiveness of combining passive and active energy-saving strategies 
to achieve both energy efficiency and financial feasibility, in line with sustainable development and 
national policy targets.

Conclusion

Acknowl-
edgment

This study, based on the case study of Pusgiwa Building at Universitas Indonesia, showed how ret-
rofit strategies were effectively used to improve thermal performance and energy efficiency in both 
2024 and 2050 climate databases. The results were obtained through U-value calculation, energy 
simulation, and Photovoltaic (PV) panels simulation. The most effective material for improving 
thermal performance was the addition of polyisocyanurate insulation (PIR) to the building enve-
lope which showed the best performance with a 22.5% EUI reduction from 17.99 kWh/m²/year to 
13.94 kWh/m²/year by using the 2024 climate database. Furthermore, by using the 2050 climate 
database, the EUI decreased by 29.9% from 23.06 kWh/m²/year to 16.16 kWh/m²/year as a result 
of applying PIR insulation. The economic evaluation showed that PIR insulation, with a total instal-
lation cost of 108,546.11 USD, achieved a Return on investment (ROI) of approximately 15 years.

To further enhance energy performance, the integration of rooftop PV panels was also evaluated. 
Between the two available options (300 Wp and 455 Wp modules), the 300 Wp system was se-
lected due to its shorter payback period. This system generated 85,652 kWh annually, resulting 
in electricity savings of 7,786.54 USD per year and a payback period of 4.2 years. When combined 
with PIR insulation, the integrated system reduced the overall payback period to just 8.3 years, 
demonstrating a highly cost-effective solution.

As a whole, these tactics showed promises for achieving notable energy savings, meeting 
Indonesia's national energy goals, and assisting international efforts to slow down the climate 
change. The combination of insulation retrofitting by using PIR and integrating a PV system can 
reduce energy demand in tropical buildings. This study was limited to one educational building, 
specifically Pusgiwa UI and should be further explored to other types of buildings in tropical re-
gions, considering the local factors.

Authors would like to express our gratitude to Putih Kian Legawa, Irene Theodora, Nisrina Dewi 
Salsabila, and Kwarista Dharma Smitha for assisting in the field measurement, study process and 
providing valuable insights to this research.
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