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Abstract: Energy-efficient retrofits embrace enhancement of the building envelope through climate
control strategies, employment of building-integrated renewable energy technologies, and insulation
for a sustainable city. Building envelope improvements with insulation is a common approach,
yet decision-making plays an important role in determining the most appropriate envelope retrofit
strategy. In this paper, the main objective is to evaluate different retrofit strategies (RS) through
a calibrated simulation approach. Based on an energy performance audit and monitoring, an
existing building is evaluated on performance levels and improvement potentials with basic energy
conservation measures. The considered building is experimentally monitored for a full year, and
monitoring data are used in calibrating the simulation model. The validation of the base model is
done by comparing the simulation analysis with the experimental investigation, and good agreement
is found. Three different retrofit strategies based on Intervention of minor (RS1), Moderate (RS2),
and Major (RS3) are analyzed and juxtaposed with the base model to identify the optimal strategy
of minimizing energy consumption. The result shows that total energy intensity in terms of the
percentage reduction index is about 16.7% for RS1, 19.87 for RS2, and 24.12% for RS3. Hence, RS3 is
considered the optimal retrofit strategy and is further simulated for a reduction in carbon dioxide
(CO2) emissions and payback investigation. It was found that the annual reduction in CO2 emissions
of the building was 18.56%, and the payback period for the investment was 10.6 years.

Keywords: energy management; energy saving; load management; energy efficiency; sustainable city

1. Introduction

The need to ‘retrofit’ or re-engineering existing buildings has gained growing popu-
larity in recent years. On a worldwide scale, the expanding concentration of our growing
human population in urban areas has focused emphasis on cities’ role in mitigating and
adapting to climate change, as well as accomplishing larger sustainable development goals.
Although cities are considered the cause of many severe environmental and resource degra-
dation problems, cities can also provide solutions with ingenuity such as the Internet of
Things [1] and creative potential [2,3].

In recent decades, rapid industrialization and technical advancement have resulted
in a massive increase in fossil fuel use. The majority of energy consumption is derived
from nonrenewable energy sources, which are harmful to the environment. As a result,
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there is a greater emphasis on reducing nonrenewable energy consumption (EC) on a
global scale [4,5]. The need to minimise fossil fuel use and CO2 emissions can lead to
improved energy efficiency in existing structures, as well as new building designs. These
initiatives might be expanded into energy performance evaluation and monitoring of
existing buildings, as well as retrofit techniques [6].

The net-zero energy building (NZEB) [7,8] concept has gained popularity over the last
decade as a way to improve energy efficiency within the building sector and as a model
for creating sustainable cities. In India, considering the significant element of their high
EC, it is preferable to incorporate the NZEB idea into commercial retrofit, as this will assist
both the conservation of embodied construction energy and the decrease of operating
energy. Overall performance may be improved by updating and refurbishing existing
buildings, which opens up new opportunities to revitalize the huge inventory of buildings
and benefit local economies in the long term [9–11]. Typically, achieving NZEB entails
improving building enclosures, lighting reduction, electric loads, Heating, Ventilation, and
Air Conditioning (HVAC) systems and, passive layout approaches, allowing for the needed
energy balance to be balanced with renewable energy sources such as wind turbines or
solar photovoltaics.

Achieving net-zero energy objectives for an existing structure is a more motivating
aim than new construction because of more constraints imposed on existing buildings.
In most nations across the world, total EC for the building industry is about 40%. With
the introduction of new technologies, operational challenges have increased, and it has
become necessary to select the best plans and devise methods to reduce EC in the building
sector [12]. On the other hand, the interplay among layout factors, HVAC systems, weather
changes, distinct users, etc., is very complex and can be observed best by simulating
all elements interfering in building energy performance. This can be achieved by using
software applications but many different types of software applications have emerged in
this area, and they must be carefully chosen [13–15].

In a dry and cold region, Saffari et al. [16] employed an energy plus tool to model
the heating and cooling loads of a building. When the results were compared to the
real data, it was discovered that the difference in cooling and heating loads was 5% and
3%, respectively. Furthermore, Saffari et al. [17] performed a critical analysis on the
cooling system of a building under various climatic circumstances for energy and comfort
assessment. Daemei et al. [18] investigated natural ventilators with a home construction
design function in Rasht, Iran, and discovered that natural wind ventilation may be utilized
with appropriate architecture.

The practical challenge of existing building retrofit is regarded as one of the most
important problems for reducing energy consumption and greenhouse gas emissions.
It also plays a critical role in enhancing a nation’s energy security, reducing vulnerability
to energy prices, and increasing human comfort. Above and beyond these uncertainties,
changes in climate, services, human behaviour, government legislation, and so on, have
an indirect or direct impact on the selection of retrofit technology [19]. Other problems
that create interruptions in operations include financial constraints, extended payback
periods, and building owners’ willingness to pay for retrofits. Retrofitting or modifying
existing buildings not only meets functional requirements but also significantly reduces
costs, energy consumption, occupant well-being, and environmental effects.

Appropriate long-term decisions for building retrofit and effectiveness can significantly
increase thermal performance and hence reduce energy usage [20]. The effects of supply air
flow rate and temperature on the performance of a bed-based task/ambient air conditioning
system are also investigated in other research. Furthermore, certain specialised places
within a hospital complex need air-conditioning. In the operating room, for example, air
cooling is widely acknowledged to be vital. In this context, air-conditioning refers to the
capacity to manage the temperature both below and above the ambient temperature, as well
as the humidity and sterile filtration. Air conditioning is also required in other departments,
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including as critical care, birth rooms, recovery rooms, radiology, and nuclear medicine,
due to the hot, humid environment in most regions of a nation [21,22].

Buildings are complex and one-of-a-kind systems with a diverse range of physical,
functional, and environmental properties. Considering this level of complexity, a holistic
approach is essential, which employs methodologies combined with national and interna-
tional standards. Therefore, in this paper, an analysis is done to demonstrate a systematic
approach for the optimization of an energy-efficient retrofit strategy. A case building in
the campus area of Motilal Nehru national institute of technology (MNNIT) Allahabad
is monitored for one full year, including on-site climatic data, indoor temperature and
humidity, energy consumption, and CO2 emissions. Hence, this research aims to utilize
a building energy simulation tool to replicate the base-case energy performance of the
existing building and propose energy conservation measures targeting the improvement of
the building envelope.

2. Methodology

The case study under consideration comes from the city of Allahabad in India.
The highest cooling load occurs in June, when summer temperatures are at their high-
est, and the lowest load occurs in January, when winter temperatures are at their lowest.
In comparison to November and December, the months from April through October have a
significant cooling load. The flow chart of the methodology is given in Figure 1.

Figure 1. Flow chart of the methodology.

2.1. Multipurpose Building Audit

The building attributes such as orientation, location, comfort ranges, occupancy, and
installed technology are acquired through building audits. The MNNIT Case Building
(see Figure 2) is primarily used for multi-purpose events. The building detail information
is given in Table 1. Cooling, heating, and ventilation systems are considered to maintain
indoor air quality and to acclimatize the indoor environment.
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Figure 2. MNNIT, Allahabad Multipurpose (MP) Hall.

Table 1. Building information.

No of floors 1
Total Area 1355 m2

Floor Height 7.4 m

External Walls 228.20 mm brickwork, outer leaf 12.70 mm of plaster inside and outside, 12.70 hardboard
(standard) inside with U-value of 2.176 W/m2 K.

Internal Walls 228.20 mm brickwork, outer leaf 2.70 mm of plaster inside and outside with U-value of 0.831
W/m2 K.

Roof 19 mm cement plaster, sand aggregate, 200 mm RCC 12.70 plaster (dense), and hardboard at
an inner surface with a U-value of 1.233 W/m2 K.

Window Area 20%
Floors Concrete floor on ground of 463.5 mm with U-value of 0.953 W/m2 K.

Glazing 6 mm sgl clr 5.788 W/m2 K
Infiltration Rate(ac/h) 0.7 AC/H [23]

HVAC Central (175 tons)
Set Point Temperature (25–27 ◦C) Summer and (21–23 ◦C) Winter

Occupancy 2.2 m2/person

2.2. Allahabad Climatic Conditions

The building is located at latitude 25.43◦ N and longitude 81.84◦ E, which is usually
hot in summer and cold in winter. Figure 3a–d shows the mean minimum and maximum
temperatures, average monthly total hours of sunshine, mean monthly relative humidity,
and mean monthly wind speed, respectively.
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Figure 3. Climatic condition of Allahabad month wise (a) mean minimum and maximum tempera-
tures, (b) average total hours of sunshine, (c) mean relative humidity, (d) mean wind speed.

2.3. Energy Performance Simulation Modelling

Building performance is simulated using the design builder simulation tool [24]. It is
one of the most extensive user interfaces for dynamic thermal and energy simulation engine.
In the design information, the lighting requirements and the appropriate lighting intensity
levels for each building zone were included, so it was fairly trivial to enter these data into
the model to provide the specific lighting performance. The lighting performance design
level was updated to meet with the design builder requirement to identify lighting units.
Because lighting in the building is primarily controlled by zone occupancy, it was assumed
that lighting activity patterns were closely linked with building occupancy schedules. Both
of these were estimated based on energy consumption data, which appear to be some
extent indicative of building occupancy and occupant behaviour.

The HVAC system was modelled in the design builder using the basic mode. This
decreases the model’s complexity by eliminating the need to characterise every facet of
the HVAC system. The basic mode, on the other hand, employs an idealised technique of
load computation based on constant performance factors set by the modeler. Pump and
fan energy, which may be monitored using building management systems energy data, can
each be defined individually. Because the basic mode is employed, the energy model for
HVAC is not expected to be as dependable as other components of the model. However,
relative changes in energy use should be constant across model outputs because the HVAC
model specification will be consistent. Figure 4 depicts the MP Hall design builder model.
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Figure 4. MP hall building modeled in design builder (a) Isometric view (b) Front view (c) Left side
view (d) Internal view.

Extensive and continuous measurements of interior and outside data are required to
achieve good findings for assessing indoor thermal profiles. Temperature and humidity
measurements of sample volumes, greenhouse gas emissions, fuel consumption, energy
usage, microclimate data, and of the building’s heating infrastructure were all tracked for
one full year in 2019.

3. Model Validation Methodology

Adequate testing and validation are necessary to verify that construction models are
an accurate depiction of reality and that their data outputs are dependable enough to draw
useful conclusions about the buildings. By comparing the data produced by the models
with analogue data measured from real buildings and coupling this with a weather file in
the model generated from actual measured data from a site near the building, errors in
the model can be detected and tuned to the point where the building model can be said to
be a satisfactory representation of the real building. Moreover, as input to the model, the
internal gain/energy load input from occupancy, equipment, lighting is given in Figure 5.

Figure 5. Internal heat gain profiles for lighting, equipment, and occupancy in a building.
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During the validation process, errors associated with random events and actions in the
building must be detected and discounted. It is quite difficult for the model to accept these
random events; thus, care should be made to ensure that they do not impact the validation
process. This may result in the building being optimized for the specific behavior seen
during the validation time, but then the model will cease to be properly representative
outside the validation period. The goal is to create a model that can accurately portray the
building throughout any given year. To evaluate a building model, several components of
it need be compared to actual data gathered from the structure.

Model validation was performed in this article using interior temperature profiles and
the regular energy use of varied loads. By comparing the facts supplied by the models with
comparable evidence estimated from real buildings and combining this with a weather file
in the model created by actual measured data from a site near the building, errors in the
model may be detected.

3.1. Temperature Profiles for Building Modes

Data were collected experimentally and simulations were carried out for the year 2019;
historical periods reflecting the building modes (natural ventilation, heating, and cooling)
were chosen. Compared with that created by the simulation, the actual indoor temperature
profile was compared. An indicator of how well the model reflects the thermal efficiency of
the real building should be given by a match between the measured temperature profile
and that of the model.

3.2. Energy Usage

Due to stochastic problems such as occupancy, which are difficult to accurately model,
it is impossible that the energy consumption of building components such as lighting can
fit actual building use profiles over a short period. A properly tagged model, however,
should exhibit comparable daily energy consumption compared to the calculated energy
usage of the buildings. For periods wherever information from the building was available,
regular lighting and IT masses were compared to the model.

3.3. Error Quantification

Error quantification for temperature profiles was evaluated using the percentage
reduction index [25,26] (PRI) (Equation (1)) and the coefficient of determination, R2. The
performance of retrofit strategies was compared with the base model in terms of total
energy intensity. A PRI of 15% was chosen as satisfactorily accurate for the validation
of the simulation model. It was selected as this resembles an average residual of around
1–2 ◦C, which is within the margin associated with measurement error such as position or
calibration measurement.

PRI =

(
ymeasured − ymodeled

)
ymeasured

× 100 (1)

4. Experimental–Numerical Validation

The period chosen for validation of temperature profiles was 6 August 19 to 12 August
19. This was chosen firstly, as it was the week with the most complete weather dataset and
temperature data, but it is conjointly a decent illustration of an operating week. Figure 6a
shows the comparison between the measured temperature and simulated temperature
for the office. It can be seen that the internal temperature varied from 13 ◦C to 24 ◦C.
A closer look reveals that the effect of sol–air temperature is more predominant for the
roof as it receives direct insolation of the sun without any provision of shading. Besides,
the dark grey rough surface of the rooftop further welcomes the sun. It is not surprising
to see that east and west directions have a higher value of sol–air temperature and hence
constitute a greater heat transfer rate for the same wall area and U-value. Between the two
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profiles, a sound match is established. The model tends to overestimate the room’s peak
temperatures over the two days of the weekend where no HVAC works in space.

Figure 6. Office room temperature profile (a) comparison (b) R2 (c) lighting electrical use comparison.

The PRI is calculated as −1.76%. The negative sign shows that the model over-predicts
the temperature on average, by a magnitude of 1.76%, In the mornings, the highest levels
of error are found where HVAC does not start running at the same time as in the model.
An error can be more easily discounted during this stage of the day as the factors causing it
(variations in occupancy-driven HVAC operation) are difficult to foresee and therefore to
incorporate into the model. By matching simulation schedules to occupancy data, this error
can be reduced; however, this will significantly increase modeling time and complexity,
and in all cases could never be accurate enough to fit energy/temperature profiles exactly.
As can be seen, the behavior of the model correlates well during these times to that of the
real house. The coefficient of determination will indicate how well the model matches the
measured data, having plotted the model values and measured values on a scatter graph.
Errors occur because of the influence of variations in occupancy driven by HVAC operation
and infiltration.

Buildings are never airtight due to the gaps between the frames of doors and windows
and shutters. Therefore, the air infiltrates from surroundings at higher pressure into the
room. This causes an increase in the cooling load. Similarly, if the room is maintained at a
pressure higher than that of the surroundings, the cool air leaks out of the room. No sooner
doors are opened than the cool air being heavier than the warm air of surroundings leaks
out of the conditioned space. The flow of cool air from freezers and household refrigerators
into surroundings is a well-known situation and falls under the latter category of infiltration.
The increase in cooling load is due to this type of loss of cool air. The exact estimation
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of the leakage of air through apertures (the small gap between frame and shutter of a
window or door) is extremely difficult. However, approximate values have been tabulated
in American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
Fundamentals and Equipment report. Similarly, the leakage of air due to door openings
and through shutters is also based on practical experience in terms of room sizes. The
volume of air infiltration is related to the volume of a room for different usages: average
usage, long usage, and heavy usage, and it is difficult to calculate.

A decent correlation is observed showing an R2 of 0.915 (Figure 6b), which means 91.5%
of the variance is explained by the model. The horizontal streak of off-trend information
points on the higher aspect is due to the model heating the building in a perfect manner,
i.e., the temperature within the zone is the command at precisely the heating setpoint. This
may not be true of the real building that varies within the comfort band and in some cases,
heating is not a gift in the slightest degree in the real building over the sample validation
period. The second stage of validating the model was a comparison of energy use. Figure 6c
shows the comparison of lighting electrical EC in the first three months of 2019. The PRI was
calculated as 11.35%, which is in the range of acceptable error. The monthly comparison of
heating and cooling energy consumption for simulation and experimental are shown in
Figure 7.

Figure 7. Monthly comparison of energy consumption for simulation and experimental (a) cooling
and (b) heating.

5. Result and Discussion

As a result of a measured control cycle base-case model, retrofit strategies to enhance a
building’s energy efficiency and indoor environmental quality are suggested. It is stressed
in the literature that an effective building envelope retrofit scenario requires one, a com-
bination, or both of the following thermal characteristics to be controlled: (a) a reduction
in ventilation and infiltration losses, (b) reduction in propagation, and (c) an increase or
decrease in solar gains as a thermal feature of the envelope [27–29]. Retrofit plans include
decisive requirements based on insufficiencies found by a building efficiency assessment or
current building review. Additionally, due to the various alternatives where the primary
concern is to determine the strategies that are supposed to be useful in the long term, an
approach to producing retrofit strategies must be identified. With a broad variety of pos-
sibilities for retrofit solutions, environmental, energy, financial, and social considerations
need to be weighed to achieve the most reliable approach.
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5.1. Proposal of Retrofit Strategies

Three separate retrofit techniques were considered in this paper to increase the en-
ergy efficiency and internal environmental consistency of a building, i.e., small, medium,
and large stages of intercession, such as RS1, RS2, and RS3, respectively. In compliance
with pre-defined qualitative and quantitative requirements, retrofit techniques are rec-
ommended and include thermal insulation of opaque components, enhancement of the
window insulation quality, reduction of intrusion rate, use of mass or ventilated walls,
etc. For the least intrusion in the workplace to preserve the efficiency of building tenants,
qualitative requirements are considered. For the estimation of the insulation thickness for
each retrofit technique, objective parameters based on the measurement of the optimum
insulation thickness are used. The criteria determined by a method for deciding the optimal
insulation thickness for building components are the type of insulation content, insulation
thickness, cost of insulation material, and cost of energy used for heating and cooling.
Optimization is based on the estimation of micro-climatic weather by degree days, cost
analysis of insulation products, and energy usage via a calibrated base-case model; retrofit
techniques are applied to determine their effects on indoor environmental parameters and
annual energy usage for room heating and cooling.

XPS is used as the insulation medium for external opaque envelope components for
these three distinct techniques, as it has a lower thermal conductivity of 0.030 W/m K and
has optimum payback times and lower thickness savings. Regarding optimal thickness
analysis, each wall assembly is given an insulation thickness. The outer brick wall is
insulated with an XPS board of 40 mm and is completed with a brick cladding of 30 mm
for the RS1 intercession. The exterior concrete wall is supplied with XPS insulation of
50 mm thickness and is coated with 10 mm insulating plaster. Exterior concrete wall steps
are kept the same for RS2 intercession, but the external brick wall assembly is changed
with a ventilated cavity and 30 mm thick XPS insulation, completed with 6 mm wooden
facade cladding. For the previous technique, RS3 intercession retains the proposed brick
wall assembly but integrates a comparable assembly to the concrete wall with 40 mm XPS
dimensions, 30 mm ventilated cavity, and 6 mm wooden facade cladding. This technique
involves strengthening the concrete floor on the ground with 30 mm thick XPS insulation.
For the 1st strategy, a glazing upgrade is recommended due to the substitution of the
current glass panes with Low-E (RS1). The 2nd and 3rd strategies (RS2 and RS3) retain Low-
E substitute interference, which requires the substitution of vinyl frames with 1.4 W/m2 K
U-values.

5.2. Retrofit Strategy Evaluation

Through the calibrated model, retrofit strategies are simulated by incorporating differ-
ent RS into envelope components. The outcomes are calculated according to the frequency
of hours beyond the comfort range and the annual heating and cooling energy usage. For
the heating and cooling seasons, frequency analysis is used to assess the percentage of
hours beyond the comfort range. Building comfort temperatures range between 22 ◦C
for winter and 24 ◦C for summer; assessment temperature ranges between a minimum of
21 ◦C and maximum of 25 ◦C. For this study, conditioned rooms are measured, covering
occupancy hours for the entire year. Retrofit strategies are applied through a regulated
base-case model with the purpose to assess their effects on indoor environmental parame-
ters and annual EC for space heating and cooling. Figure 8 show the total energy intensity
comparison month wise for all the retrofit strategies.. Table 2 shows the retrofit strategies
have better total energy intensity attenuation ability than the base model system for all RS.



Sustainability 2022, 14, 666 11 of 14

Figure 8. Comparison of simulated total energy intensity with all retrofit strategies.

Table 2. Total energy intensity (kWh/m2) and PRI for different retrofit strategies for the year 2019.

Month January February March April May June

Total energy
intensity

Base model 33.45 27.17 18.47 8.12 4.45 5.51
RS1 28.33 22.76 15.35 6.71 3.64 4.43
RS2 27.66 22.1 14.78 6.5 3.51 4.26
RS3 26.35 21.3 14.1 6.12 3.36 4.02

% PRI
RS1 15.32 16.23 16.9 17.32 18.23 19.65
RS2 17.32 18.65 19.98 20.01 21.02 22.65
RS3 21.23 21.59 23.65 24.65 24.48 27.04

Month July August September October November December Total

Total energy
intensity

Base model 6.09 6.86 5.61 4.83 8.8 24.65 154.02
RS1 4.74 5.59 4.6 4 7.32 20.71 128.17
RS2 4.66 5.18 4.3 3.74 6.93 19.67 123.42
RS3 4.34 5.06 4.08 3.66 6.44 17.97 116.87

% PRI
RS1 22.23 18.56 17.98 17.21 16.78 16.01 16.78
RS2 23.54 24.56 23.32 22.65 21.23 20.2 19.87
RS3 28.77 26.24 27.17 24.37 26.85 27.13 24.12

According to the results of simulated retrofit strategies, it can be observed that PRI
has an improvement in total energy intensity of about 16.7% for RS1, 19.87 for RS2, and
24.12% for RS3. The EC can further be reduced, by using double-paned glass with an air
gap, as air in a confined space serves as a very good insulator; usage of overhangs leads to
minimization of the effect of incident solar radiation and hence reduces the effect of sol–air
temperature and using sun-ban reflective glasses, which reflect solar heat, while allowing
light to come through for illuminating purposes. This will also reduce electrical demand for
lighting during the daytime. But as per investigation, the maximum total energy intensity
was found in RS3. Hence, RS3 is considered the optimal retrofit strategy and was further
simulated for a reduction in CO2 emissions and payback investigation.

5.3. Reduction in Annual CO2 Emissions

The simulation results for the optimum plan suggest an annual reduction of the
building’s CO2 emissions at a value of 18.56% relative to the base case scenario. Reduced
EC heating results in a 15.69 percent reduction in CO2 emissions due to fuel combustion.
Space cooling consumption emissions decrease by 22.96 percent annually (Figure 9).
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Figure 9. (a) Total energy intensity yearly for different retrofit strategies (b) annual reduction in CO2

emissions for the optimal strategy.

5.4. Payback and Investment Analysis of the Optimal Strategy

The payback time for the project is estimated at 10.6 years, according to the current
valuation calculation of the investment and savings (Figure 10). Energy-efficiency upgrades
to the construction envelope are typically costly measures, and payback times are lengthy
for holistic improvements. However, in contrast to energy efficiency, changes in the
indoor environment, elimination of CO2 emissions, etc., lengthy payback times and high
investment costs can be considered reasonable. The retrofit steps are expected to have a
lifecycle of 25–30 years in this analysis. In this context, it can be argued that the outcome
of the payback period for an optimal retrofit strategy is positive and similar to parallel
studies.

Figure 10. Return on investment analysis for the optimized retrofit strategy.

6. Conclusions

In this paper, an approach is presented to demonstrate the use of energy performance
monitoring and a calibrated dynamic simulation approach to be utilized in defining energy-
efficient envelope retrofit measures. Conscious decision-making for retrofit strategies is
critical, especially when investment costs are high and payback periods for these improve-
ments are long. As a result, the study’s primary focus is to conduct a detailed energy
performance monitoring process, evaluate any retrofit measures using dynamic assessment
methodology, preferably validated simulation models, and assess an optimised retrofit
strategy to improve the energy performance of existing building envelopes.

The results show that, following sufficient design manipulations, this existing building
can minimize energy usage. In this analysis, a multipurpose building was examined for
annual EC in 2019 using a design builder, and validation was done using experimental
analysis. The error in comparison was about 1.76%, showing good agreement between
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numerical and experimental analyses. To minimize the EC, RS1, RS2, and RS3 strategies
were investigated, and it was found out that PRI had an improvement of about 16.7%
for RS1, 19.87% for RS2, and 24.12% for RS3 for total energy intensity. RS3 as an optimal
strategy was further investigated for an annual reduction in CO2 and investment/payback
analysis. It was found that the annual reduction in CO2 emissions of the building was
18.56%, and the payback period for the investment was 10.6 years.
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