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ARTICLE INFO ABSTRACT

Retrofitting existing buildings to enhance energy efficiency and reduce carbon
emissions is essential to meet the ambitious decarbonization targets for 2030 and
2050. Despite its importance, retrofitting faces several barriers, including
substantial upfront costs, uncertainty of returns on investment, split incentives
between owners and occupants, and a lack of adequate decision-support tools.
Continuous improvement of retrofit analysis methodologies and tools, informed by
feedback from active pilot projects, is necessary to systematically overcome these
barriers.

Keywords — Retrofitting existing buildings enhance energy efficiency, reduce
carbon emissions, essential meet ambitious decarbonization targets.

INTRODUCTION

A dual research approach has been formulated, comprising analytical simulations and empirical case studies,
as shown in Figure 1. Analytical simulations involve developing detailed digital models to evaluate efficiency
measures under dynamic operating conditions. Empirical case studies involve monitoring various
parameters in real buildings before and after retrofit installations for model calibration and validation. The
selection of demonstration buildings is based on key geographical criteria, including:

e Varying climatic zones: composite, hot and dry, temperate, and cold

e Representation across both urban and rural regions

e Different construction typologies and occupancy patterns

The case study portfolio for this research spans five cities across Northern, Western, Central, and Southern
parts of the country. It includes institutional buildings as well as commercial offices and residential
complexes, showcasing diverse shapes, sizes, materials, and usage profiles. Table 1 outlines the distribution
of samples by location and category. Retrofitting existing buildings to enhance energy efficiency and reduce
carbon emissions is essential to meet the ambitious decarbonization targets for 2030 and 2050. Despite its
importance, retrofitting faces several barriers, including substantial upfront costs, uncertainty of returns on
investment, split incentives between owners and occupants, and a lack of adequate decision-support tools.
Continuous improvement of retrofit analysis methodologies and tools, informed by feedback from active pilot
projects, is necessary to systematically overcome these barriers.
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Figure 1- Integrated methodology combining analytical and observational techniques

Location | Climate Building Usage

New Delhi | Composite | Hospital

Jodhpur Hot & Dry | University

Shimla Cold Hotel

Mumbai Moderate Office

Hyderabad | Composite | Apartments

Table 1- Distribution of case studies across climatic zones
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RESEARCH METHODOLOGY

(i) Geographical Selection Criteria- The selection of demonstration buildings is based on key

geographical criteria, including:

e Varying climatic zones: composite, hot and dry, temperate, and cold

e Representation across both urban and rural regions

e Different construction typologies and occupancy patterns
The case study portfolio for this research spans five cities across Northern, Western, Central, and Southern
parts of the country. It includes institutional buildings as well as commercial offices and residential

complexes, showcasing diverse shapes, sizes, materials,

and usage profiles.

(ii) Case Study Selection Attributes- Each case study building is selected based on specific context or
technical attributes that enable focused investigations into particular aspects for enhancing retrofit
evaluation methodologies. The selection parameters considered are illustrated in Figure 2 and elaborated

subsequently.

Passive methods:
Such as design related, eavelope related

~| 1.Energy |-

conservation

Active methods:
Such as MVHR, energy efficient systems

Refrofitting 2. Energy
measures generaion

Renewable energy systems:
Such as solar heating, electrictty production

3. Energy
_ | Mmanagement

Smart energy systems:
Such as smart control and manage technologies

Figure 2- Range of evaluation attributes driving case study selections

(iii) 3.5 Energy Audit Protocols- A multi-step auditing process is followed for each selected case study

building, which broadly involves:

e Historical Energy Use Analysis

o Walkthrough Assessment & Baseline Monitoring
¢ Detailed Systems Inventory

e Identification of Retrofit Opportunities

(iv) Building Energy Model Development- A systematic protocol with iterative refinement is adopted

for developing detailed energy models:
e Prepare geometry based on architectural drawings

e Specify thermal and optical properties of building materials
e Assign space conditioning system details with efficiencies

e Input verified occupancy density and usage schedules

e Incorporate lighting power densities and equipment loads per area

e Orient the model and place it in the climatic location as per the site

e Perform initial simulation to examine model stability and outputs

e Refine inconsistencies in geometry, properties, inputs through a second simulation run
e Introduce measured weather data for the baseline year
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e Input monitored electricity breakdown by usage

e Compare preliminary results against utility bills and monitoring data

e Adjust assumptions related to operational schedules and plug loads

¢ Modify light power densities and HVAC system controls until the model is calibrated

(v) Integration and Simulation of Retrofits- After establishing the validated baseline model, various
energy conservation measures are integrated, either individually or as packages, to quantify their energy
savings potential under dynamic operating conditions. The performance improvements are estimated in
terms of:

o Reductions in electricity and fuel consumption

e Avoidance of CO2 emissions

e Lowering of maximum heating/cooling demand

e Enhanced thermal comfort hours

e Increased daylight availability

RESULTS AND DISCUSSION

The research methodology was applied to a diverse set of case study buildings to ensure a comprehensive
evaluation of retrofit strategies across different contexts. The portfolio of buildings included a hospital in
New Delhi (composite climate), a university in Jodhpur (hot and dry climate), a hotel in Shimla (cold
climate), an office building in Mumbai (moderate climate), and a residential apartment complex in
Hyderabad (composite climate). Table 2 summarizes the key characteristics of the case study buildings.

Building Tvpe | Location | Chmate | Total Floor | Number of | Construction
Area (m?) Floors Year
Hospital New Delu | Composite | 25 (00 ) 1993
University Jodhpur | Hot and| 15000 ) 1980
Dry

Hotel Shimla Cold 8,000 4 1990

Office Mumbai Moderate 12.000 6 2000
Residential Hyderabad | Compasite | 20 000 10 2010
Apartments

Table 2- Case Study Building Characteristics
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(i) Data Collection- Comprehensive data collection was carried out for each case study building, including
energy consumption data, building plans, system specifications, and occupancy profiles. Table 3 summarizes
the data collection methods employed for each building. Utility bills were collected for all buildings to
establish baseline energy consumption patterns. Sub-metering data was available for the hospital, university,
and office building, providing insights into end-use energy consumption. Building plans and system
specifications were obtained for all buildings, enabling the development of accurate energy models.
Occupancy profiles were collected through surveys and interviews with building managers and occupants.

Building Type | Utility Sub- Building System Occupancy
Bills | metering | Plans Specifications Profiles

Hospital Yes Yes Yes Yes Yes
University Yes Yes Yes Yes Yes

Hotel Yes No Yes Yes Yes

Office Yes Yes Yes Yes Yes
Residential Yes No Yes Yes Yes
Apartments

Table 3- Data Collection Methods for Case Study Buildings

(ii) Energy Audit Results- Detailed energy audits were conducted for each case study building to identify
energy conservation measures (ECMs) and assess the potential for energy savings. Table 4 presents the key
findings from the energy audits. The energy use intensity (EUI) of the buildings ranged from 120 to 350
kWh/m?2/year, indicating significant potential for energy savings. HVAC systems were identified as the major
energy end-use in all buildings, followed by lighting and equipment. Common ECMs identified across the
buildings included HVAC system optimization, LED lighting retrofits, and building management systems.
(iii) Baseline Energy Performance- The baseline energy performance of the buildings was established
using historical energy consumption data normalized for weather and occupancy variations. Table 5 presents
the baseline energy performance metrics for each building. The annual energy consumption of the buildings
ranged from 2,240 MWh to 8,750 MWh, with corresponding peak demand values ranging from 500 kW to
1,500 kW. The greenhouse gas emissions associated with the energy consumption were calculated using
national grid emission factors, highlighting the environmental impact of the buildings.
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Building Energy Use Major Energy Identified ECMs
Tvpe Intensity End-uses
(KWh/m?/vear)
Hospital 350 HVAC (530%), | HVAC system
Lighting {20%%), | optimization, LED lighting
Equipment (30%) | retrofit, BM5S
University 200 HVAC (40%), | HVAC svystem upgrade,
Lighting (30%), | LED  lighting retrofit,
Equipment (30%) | Building envelope
improvements
= Hotel 280 HNAC (60%6), HVAC SVSsLern upmracde,
Lighting C15%9), LEID lighting retrofit, Solar
Water heating water heating
(20%%)
Offlce 220 HNVAC (G602%), HY AC SVSTem upgrade,
Lighting C25%0), I.EID> lighting retrofie,
Equiprment (15%9%) DPaviight harvesting, BMS
Resicdential 120 HNVAC (102>, IV AC SVSEem
A partrnents Liphiving (20%0%), optimization, LLEIL lighting

Table 4- Energy Audit Results for Case Study Buildings

Building Tvpe Annual Energy Peak Greenhouse Gas
Consumption (MWh) Demand Emissions (tCO2e)
(W)
Hospital 8,750 1.500 6.125
University 3.000 800 2,100
Hotel 2,240 600 1.568
Office 2.640 700 1.848

Table 5-Baseline Energy Performance Metrics for Case Study Buildings
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Figure 3- Annual Energy Consumption

(iv) Model Calibration and Validation- Detailed energy models were developed for each case study
building using the BuildingEnergy simulation software, DesignBuilder. The models were calibrated using the
measured energy consumption data, following an iterative approach to minimize discrepancies between

simulated and measured data.

The calibration process involved fine-tuning the model inputs, such as occupancy schedules, equipment
power densities, and HVAC system parameters, based on insights gained from energy audits and sub-
metering data. The calibration was performed using hourly measured data for a representative year, ensuring
the models accurately captured the buildings' dynamic behavior.
(v) Validation Metrics- The accuracy of the calibrated models was evaluated using standard statistical
metrics, including Coefficient of Variation of the Root Mean Square Error (CVRMSE), Normalized Mean Bias
Error (NMBE), and Coefficient of Determination (R2).

Building Type CVRMSE (%) NMBE (%) R?
Hospital 82 25 093
University 103 -3.8 0.91
Hotel 12.1 42 0.89
Office 06 29 092
Fesidential Apartments 115 3.7 0.90

Table 6- presents the validation metrics for each case study building
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The CVRMSE values ranged from 8.2% to 12.1%, indicating a good agreement between simulated and
measured energy consumption data. The NMBE values were within the acceptable range of +5%,
demonstrating minimal bias in the models. The R2 values were above 0.89 for all buildings, indicating a
strong correlation between simulated and measured data.

CONCLUSION

The research methodology presented in this chapter provides a comprehensive framework for evaluating and
implementing building retrofits to achieve significant energy savings and carbon reductions. By combining
analytical simulations with empirical case studies, the methodology ensures that retrofit interventions are
based on robust evidence and practical feasibility. The dual approach of analytical simulations and empirical
case studies allows for a detailed understanding of building energy performance and the potential impact of
various retrofit measures. The iterative process of model calibration and validation ensures that the energy
models accurately represent real-world conditions, enhancing the reliability of savings projections. Ethical
considerations, stakeholder engagement, and dissemination strategies are integral to the research
methodology, ensuring that the research is conducted responsibly, transparently, and with practical
relevance. The inclusion of advanced technologies, innovative retrofit solutions, holistic approaches, and
supportive policy mechanisms highlights the potential for future research to further advance the field of
building retrofits.

In conclusion, this research methodology serves as a robust foundation for achieving the ambitious
decarbonization targets for 2030 and 2050. By systematically advancing retrofit evaluation techniques and
tools, the methodology contributes to the development of cost-effective, performance-assured efficiency
investments that align with climate commitments and enhance the sustainability of the built environment.
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