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Abstract
This article focuses on sustainable design considerations and strategies for achieving a high-performance retrofit of 
an existing higher-education laboratory building, located in a cold climate. The primary objective was to evaluate the 
present state and potential retrofit strategies to improve building performance. Research methods included analysis 
of archival data and empirical data, and computational software modeling and simulations. 

Using original construction drawings and current state photographs, a full 3D BIM model was developed for analysis 
and energy simulations. Also, actual energy consumption data was collected for of three years. Building’s formal 
and spatial qualities were analyzed and then, the building’s response to environmental conditions was evaluated 
using Revit and Insight 360 simulations. Next, the thermal and moisture resistance performance of a typical facade 
system was evaluated using WINDOW, THERM, and WUFI software programs. Lastly, a full-building energy simulation 
was conducted using Sefaira software and compared against actual energy consumption data to evaluate building 
performance. Results were used to inform proposed retrofit solutions, spatially and formally, which were evaluated 
using the same sequence of simulation software and quantitatively compared to assess improvement in building 
performance. Lastly, potential renewable sources of energy were evaluated and suggested as means to further 
reduce the environmental impact of the retrofit solution’s energy consumption.

The existing building drastically underperforms in all evaluated criteria. However, for a building typology that heavily 
relies on energy-intensive mechanical systems, the sequential process of simulations used in this case study (which 
are typically utilized to inform design decisions of new buildings), was a useful method by which to quantitatively 
maximize the use of passive systems and reduce the supplemental energy needs by active systems. 

Keywords: high-performance retrofit, energy-efficient retrofit strategies, science and laboratory retrofit, energy 
simulations for existing buildings

1.0 Introduction
Retrofitting existing buildings by employing advanced 
building technologies and high-performance systems 
will be a high priority over the next few decades.1 On a 
global scale, we are faced with an urgent responsibility 
to retrofit existing buildings and improve their energy 
performance, by as much as 80-90% by the year 2050.2 
This is due to our severe reliance on fossil fuels for 

buildings’ operation. According to global data collected 
in 2015, 82% of final energy consumption in buildings 
was supplied by fossil fuels.1  Thus, rapid, energy-efficient 
retrofitting of existing buildings is crucial in meeting such 
a steep percentage of energy consumption reductions 
by the existing buildings over the next three decades. 
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There are currently more existing, inefficiently 
performing buildings than newer buildings in the United 
States, as 60% of buildings in the United States were 
constructed prior to 1979³ and prior to the 1975 adoption 
of minimal energy performance benchmarks established 
by the American Society of Heating, Refrigerating and 
Air-Conditioning Engineers (ASHRAE).4 Newer buildings 
in this context are defined as post-energy crisis buildings 
(built between 1975 and 2000) and energy-conscious 
buildings (built from 2001 forward) when sustainability 
rating systems became a common benchmark for new 
construction.5 With this disproportion of inefficient, 
existing buildings compared to newer buildings, 
retrofitting existing buildings is a critical step toward 
environmental sustainability and economic stability.6

Recent research shows that energy use in existing 
buildings can be significantly reduced through proper 
retrofitting strategies, and that retrofitting is one of the 
main approaches in realistically reducing a significant 
percentage in carbon emissions.7 There is a significant 
opportunity in applying the plethora of current-day 
computational technologies to evaluate and quantify 
the present state performance of existing buildings and 
to utilize that information to inform sustainable retrofit 
strategies (both passive and active) which can improve 
performance and extend the functionality of these 
buildings into future decades. 

This article analyzes sustainable, high-performance 
retrofit strategies for an existing, higher-education 
science and laboratory building, located in a cold 
climate. The main objective of this case study was 
to examine current and proposed retrofit building 
performance and to propose a quantitative, sequential 
method through which similar buildings can be analyzed 
when striving for high-performance retrofit design. 
Although this single case study focuses on the energy 
efficiency of a very challenging building typology, that 
of a laboratory building, the applied methodology can 
be utilized to quantitatively evaluate the performance 
of any existing building and to utilize that information to 
influence retrofit design decisions.

2.0 Literature Review
2.1 Challenges in Retrofitting Existing Buildings

Retrofitting of existing buildings has many challenges 
and opportunities, some of which are specifically 
complex for science and laboratory buildings, including 
those located in academic contexts. General challenges 
exhibited by the existing buildings are their general 
disregard for environmental and climate-specific 
conditions, their lack of thermal and moisture retention 
layers within facade assemblies, their low-performance 
energy systems, and their physical damage due to 
age, weathering, and lack of maintenance. Due to 
this combination of unaccounted-for passive design 
strategies, dated technologies, and existing physical 
conditions, sustainably retrofitting existing buildings is 
much more complex and challenging than designing a 
new construction building. For these reasons, retrofitting 
is often perceived as a less economically feasible process 
due to the extensive time, effort, and higher upfront cost 
these projects may entail. 

The primary challenge is to select energy efficient 
measures and strategies that can be implemented 
within the already existing infrastructure and building 
systems, and which are also economically feasible. 
Performance optimization in existing buildings is more 
complex as additional criteria must be considered, such 
as readjusting for potential passive strategies which 
were not originally implemented, evaluating which parts 
and systems to salvage and which to upgrade, deciding 
how to deal with the structural system, and researching 
how to integrate potential and available renewable 
energy sources.8 Also, there are many uncertainties, such 
as changes to services, human behavior, policy, climate, 
etc., which affect the selection of retrofit strategies 
and, in turn, the success of the retrofit project.⁷ Other 
challenges may include financial limitations and barriers, 
perceived long payback periods, and interruptions to 
operations.9 It is also not uncommon to uncover some 
previously undetected physical conditions or to suddenly 
be faced with a ripple effect of necessary resolution 
strategies to address unforeseen site conditions—all 
factors which may inhibit property owners to undertake 
or even complete the retrofit construction process. 

Once undertaken, the empirical evaluation and archival 
research necessary to begin the retrofit process for 
existing buildings is also often a challenge. Apart from 
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relying on accrued knowledge and experience in working 
with buildings from a specific period or of a specific style, 
it is difficult to empirically assess building performance, 
the extent of physical decay or damage or to know 
composition layers of solid facades. Also, besides utility 
meter data, most older buildings do not collect energy-
usage data which makes it difficult to assess the existing 
performance benchmark. Thus, apart from physical 
evaluation of facades, designers rely on archival 
research and utilization of specialized equipment, such 
as thermal imaging to evaluate thermal performance. 
These measures often involve a specialized team of 
consultants and take significant time to evaluate before 
any design decisions are made. Also, obtaining original 
construction drawings to review original intent and 
facade detailing is sometimes difficult due to the lack of 
detailed construction drawings from that time. Similarly, 
once reviewed, the original drawings indicate idealized 
design intent conditions—not accounting for any 
changes or deviations during the actual construction 
process, aging and weathering of the building and its 
systems, or lack of maintenance and repairs over the 
past decades. 

An additional and significant challenge also exists in 
applying current day programmatic and spatial needs 
and meeting current building codes. Unless the building 
is undergoing historical preservation, retrofits and 
renovations fall under current building codes, which 
may not work within the space restraints and circulation 
of the original design. For example, current codes and 
design standards for any building typology—whether it 
be a hotel, a laboratory, or a school for example—may 
not work within the space restraints and circulation of the 
original design, and the currently used technologies may 
require much more advanced and upsized mechanical 
systems. Even when building new laboratory buildings, 
challenges are to meet energy efficiency, renewable 
energy sources, and sustainable construction practices 
criteria while providing high standards of user comfort, 
health, and safety.10 This is especially pronounced in 
retrofitting of science and laboratory buildings, including 
ones in academic contexts.

2.2 Opportunities in Retrofitting of 
Existing Buildings

Reusing existing buildings through retrofitting is more 

environmentally sustainable than demolishing them 
and building new buildings. New building construction 
requires a higher quantity of new materials, while 
retrofitted buildings conserve the embodied energy 
and carbon of the original structure, diverging from 
the potential demolition and construction waste 
from landfills when buildings are demolished.11 
Meanwhile, demolitions generate millions of tons of 
concrete, bricks, glass, and other construction waste, 
which is associated with air pollution.12 Thus, for most 
building types (excluding warehouses and multifamily 
residential buildings), it would take 10 to 80 years 
for a new construction building, with even just 30% 
higher efficiency from average performance codes, to 
overcome the negative environmental impacts of new 
construction.13 This embodied energy saved in existing 
building structures is one of the main environmental 
benefits of building reuse, which aims to reduce carbon 
emissions.11

Another opportunity is that implementation of carefully 
chosen adaptations to achieve more sustainable 
performance can ensure continued, long-term, and 
originally planned function. Moreover, implementing 
sustainable retrofitting strategies can offer additional 
benefits for the users, such as improvement of occupant 
comfort, health, and a general sense of well-being.9 
Additionally, implementing and allowing for energy-
efficient upgrades throughout the building’s life and 
function ensures higher real-estate value and maintains 
a desirable interest of occupancy by the users,⁵ as user 
demands and building function both evolve with time. 
By their transformation into high-performing structures, 
aged buildings increase in value and offset the need 
for new construction.⁵ Significant opportunity lies in 
available computational tools, an array of simulation 
software programs, which allow designers to quantify, 
evaluate, and compare numerous combinations of 
potential retrofit strategies, and to select optimal 
retrofit design options—ones that offer the highest 
possible energy-efficiency while being least invasive 
and cost-inducive. It is possible to quantitatively analyze 
both passive and active design strategies to achieve 
sustainable, high-performing retrofits. 

As facade systems play a critical role in the energy 
efficiency of buildings, and as existing buildings often 
disregarded climate-specific environmental conditions, 
low-cost retrofit measures, such as maximizing use of 
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daylight and natural ventilation, reducing solar heat gain 
through shading (in cooling-dominated climates), and/
or maximizing passive heating (in heating-dominated 
climates) can be evaluated and applied as a primary 
method or reducing energy loads, reductions which 
can be quantified with the assistance of computational 
software. The latter includes higher-cost strategies, such 
as the incorporation of high-performance technologies, 
high-performance materials, and available renewable 
energy sources to maximize on building’s efficient 
performance, methods whose impact and benefits can 
also be quantified and illustrated to property owners. 

2.3 Specific Challenges in Retrofitting Higher-
Education Science and Laboratory Buildings

The most pronounced challenge in retrofitting science 
and laboratory buildings is their disproportionate 
demand and utilization of energy. Science and 
laboratory buildings typically consume 5 to 10 times more 
energy per square foot of area than office buildings.10 
Compared to office buildings, which typically require 1 
air change per hour (ACH), laboratory modules require 
100% fresh outside air intake which results in about 6-10 
air changes per hour.10 Moreover, science and laboratory 
buildings may also entail disproportionally higher plug 
loads compared to office spaces to run sophisticated 
equipment and often, a large quantity of various 
equipment; for example, while office spaces plug loads 
are estimated from about 0.5  to 1 watt per square foot, 
laboratory spaces have loads that range from 2 to 20 
watts per square foot.10

Another challenge is that not all science and laboratory 
buildings have similar mechanical and operational 
needs, and that retrofitting boils down to a case-by-case 
approach. In higher-education applications, similar to 
the case study discussed in this article, laboratories may 
be intended primarily for instruction and low-hazard 
research and may not have been designed with more 
sophisticated and demanding mechanical systems 
associated with commercial and industrial research. 
Meanwhile, retrofits of science and laboratory buildings 
must consider the future direction of research and 
potential interdisciplinary or industrial collaborations 
the facility will undertake—where upgrading, upsizing, 
and increasing the mechanical systems’ capacity is 
unavoidable. These case-by-case heating, ventilation, 

and air-conditioning (HVAC) requirements and plug 
loads place an additional burden on existing building 
systems and may be difficult or impossible to be 
accommodated for within the existing infrastructure, 
especially if energy-efficient measures and integration 
of passive, environmental strategies were disregarded 
from the start. 

An additional, significant challenge is that higher-
education science and laboratory buildings are often 
part of a larger university or college campus, meaning 
that their energy supply depends on a centralized 
system. Achieving a high-performing, sustainable retrofit 
in this context may entail very large-scale participation 
and undertaking to restructure and de-centralize 
these systems. 

Moreover, when it comes to retrofitting science and 
laboratory buildings, complete reconfiguration 
and resizing of interior spaces, their circulation, 
interconnections, and adjacencies are generally always 
necessary. Many existing examples of higher-education 
science and laboratory buildings were designed to 
historic principles of disciplinary separation and even 
within those specific discipline buildings, spaces were 
smaller and arranged in an inflexible, isolated manner, 
branched off of a central corridor.14 It was not until the 
late 20th century that multidisciplinary laboratory 
buildings have been designed and constructed to provide 
collaborative and more flexible spaces.14 Besides not 
accommodating current day programmatic needs, and 
not being conductive to user comfort and interdisciplinary 
collaboration, these spaces often underperform to current 
day fire and egress code requirements and accessibility 
code requirements and standards of practice. Thus, 
when accounting for all these overarching challenges, 
often, retrofitting of existing science and laboratory 
buildings results in significant building additions to 
accommodate the technologically advanced systems 
and large, customized laboratory spaces, while the 
existing components are repurposed into administrative 
wings for office and similar support spaces.14

2.4 Specific Opportunities in Retrofitting Higher-
Education Science and Laboratory Buildings

There are numerous benefits to implementing sustainable 
retrofit measures for science and laboratory buildings. 
As science and laboratory buildings disproportionately 
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rely on energy-intensive mechanical systems, facade 
improvements on this typology of buildings are 
generally less emphasized. However, building facades 
are responsible for almost two-thirds (57%) of energy 
consumption of buildings15 in general, and an immense 
opportunity lies in integrating high-performing building 
facades that maximize passive and renewable energy 
sources in order to reduce the burden on mechanical 
systems operation long-term. Moreover, as technological 
improvements in mechanical systems, lighting loads and 
plug loads become available in the future, the passive 
and active strategies of high-performing facades will 
become more significant to overall building performance.

The Environmental Protection Agency (EPA) estimates that 
even if one-third of energy consumption by laboratory 
buildings in the United States is reduced, the nation could 
save 1.25 billion dollars on an annual basis and decrease 
its CO2 emissions by 19 million tons.10

Another specific opportunity in retrofitting of science 
and laboratory buildings is that, especially in academic 
contexts, the supplemental building program such as 
classrooms, libraries, office spaces, meeting rooms, 
lounges, and additional support spaces require much 
less stringent HVAC systems and equipment loads, and—
thus—do not need to operate on the historically, typically 
centralized mechanical system. There are significant 
energy-efficient advantages in decentralizing, carefully 
zoning, and clustering the same space-use classifications 
of spaces into individual mechanical zones.10 Meanwhile, 
laboratory spaces with more stringent ventilation needs 
can implement variable-air-volume (VAV) systems in lieu 
of constant volume (CV) systems.10 Moreover, building 
program and supporting mechanical systems can be 
zoned according to academic calendar operations. For 
example, besides mechanical zoning between laboratory 
and office spaces, spaces such as the majority of 
classrooms, coffee shops, and student lounges may not 
necessarily need to operate year-round. Thus, there is an 
opportunity in analyzing building occupancy data and 
considering those patterns when striving for a reduced 
mechanical systems’ burden and operation. 

Likewise, as there is an unavoidable need to 
significantly reconfigure interior spaces and integrate 
code requirements, this process offers designers an 
opportunity to maximize user needs and lifestyle, and 
to introduce and integrate collaborative, flexible, and 
publicly inviting articulation of spaces as those concepts 

help improve work-life balance and an overall sense of 
well-being for the users.14 

2.5 Retrofitting Strategies for Higher-Education 
Science and Laboratory Buildings

The following list outlines some of the strategies that can 
be considered in retrofitting existing higher-education 
science and laboratory buildings14, 10, 15

 ǌ Establish energy efficiency and use of renewable 
sources of energy goals

 ǌ Conduct codes and standards review

 ǌ Analyze local climate conditions and evaluate potential 
environmental strategies

 ǌ Maximize on passive design strategies

 ǌ Decentralize mechanical systems and segregate 
energy-intensive zones from non-energy-intensive 
zones

 ǌ Isolate office and support spaces from laboratory 
spaces

 ǌ Provide shared prep-room spaces to reduce the number 
of fume hoods

 ǌ Consider academic calendar operation of building 
zones

 ǌ Integrate occupancy sensors and energy-monitoring 
and control systems

 ǌ Maximize user communication through shared, 
informal zones

 ǌ Invite public visitation and integrate the public program

 ǌ Integrate program for other disciplines such as art, 
humanity, and sociology 

 ǌ Integrate meeting and collaboration spaces between 
academia and industry 

 ǌ Provide plenty of casual meeting spaces to encourage 
conversation opportunities and socialization

 ǌ Provide exhibition spaces to share knowledge and 
showcase achieved progress

 ǌ Provide incubation, informal, and flexible spaces

 ǌ Design for the latest computational technologies
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 ǌ Provide pleasant views, outdoor space, and vegetation

 ǌ Exceed minimal energy performance standards and 
code regulations

 ǌ Provide easy wayfinding, transparency, and allow for 
predicted anticipation of program on other floors

3.0 Research Questions and Methods 
The objective of this research was to investigate high-
performance retrofit strategies for an existing science and 
laboratory building. 

The study focused on the following research questions:

1. What are the building's formal, spatial, and  
programmatic qualities? What is the building’s 
response to its environmental conditions? (Step 1)

2.  What is the building’s typical facade system and how 
does it perform? What are its HVAC systems and how 
do they perform? (Step 2, Step 3, and Step 4)

3.  What programmatic and spatial organization 
strategies can be implemented to improve the 
building’s function and performance? (Step 6)

4.  What passive and active design strategies can be 
implemented to improve the building’s performance, 
and what is their impact on the building’s 
performance? (Step 5 and Step 6)

Research methods included qualitative and quantitative 
research methods—archival and empirical research, 
simulations and modeling, and comparisons between 
simulated and actual energy consumption data. This 
specific case study was chosen due to the availability 
of building system metering data of this university 
campus building.

Methods and their relationship to research questions are 
described in the following steps: 

Step 1: Original construction drawings and photographs 
of the building’s current state were collected and used 
to analyze design intent characteristics of this building, 
and to develop a full, 3D BIM model using Revit software. 
Additional collected data included actual energy 
consumption data, which was averaged for 3 years—2017, 
2018, and 2019—intentionally excluding the year 2020 

when facilities’ operations may have been atypical. This 
process helped answer questions 1 and 2. 

Step 2: Using Revit and Insight 360 simulations, the 
building’s response to environmental conditions and it's 
utilization of passive design strategies was analyzed, 
such as building orientation, solar exposure, and solar 
radiation. This process helped answer question 1. 

Step 3: Detailed section drawings were analyzed, and 
typical solid facade systems were selected for thermal 
and moisture transfer simulations using WUFI software. 
Results of these simulations were verified against 
collected thermal imaging data and compared to current 
ASHRAE 90.1 recommendations. This process helped 
answer question 2. 

Step 4: Full building energy simulation was conducted 
using Sefaira software and compared against the three-
year average of actual energy use data. This information 
was used to develop a performance baseline and to 
account for any differential between simulated and 
actual energy usage of the original building design. This 
process also helped answer question 2.  

Step 5: Results of these series of simulations were then 
used to influence retrofit strategies, striving to achieve 
sustainable and high-performance design solutions that 
would exceed current ASHRAE 90.1 recommendations. 
This process helped answer question 4. 

Step 6: Proposed design solution initiated with 
reconfiguration and space planning exercises where 
strategies from precedents and literature review were 
integrated to accommodate flexibility, inter-connectivity, 
and accessibility of building program while integrating 
additional public, exhibition, mercantile, casual, and 
green spaces as part of the retrofit process. While striving 
to maintain as many interior CMU partitions as possible, 
including structural elements, this exercise resulted in a 
significant addition of building area and volume. This 
process helped answer question 3. 

Step 7: The proposed design solutions were then also 
simulated using the same sequence of simulation 
software, and quantitative results were compared to 
summarize percentages of improvement from existing 
to retrofit conditions. Of primary focus were passive 
strategies, such as heat harvesting solar wall facade 
technology, improved glazing systems, and solar panels 
—energy-efficient strategies whose thermal properties 
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could be calculated and used in proposed design 
simulations to quantify their effects and anticipated 
reductions of the Energy Usage Intensity (EUI) value. 
Then, the additional active strategies were proposed. 
This process helped answer question 4.

4.0 Research Results
4.1 Physical State of the Case Study Building

Hasbrouck Hall is a science laboratory building, centrally 
located on the university campus at the University of 

Figure 1: Hasbrouck Hall site plan.
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Massachusetts Amherst. This building is composed of two 
buildings in one, with the original Hasbrouck Hall built 
in 1947 by Kilham, Hopkins, Greeley, and Brodie, and the 
addition building built in 1964 by Desmond and Lord.14 
The building is not deemed as historically significant and 
is currently in use according to original function. 

The Original Building is oriented 25 degrees off of 
north-south axis due West, while the Addition Building 
is oriented directly on the north-south axis (Fig. 1). Both 
buildings have their elongated east facades facing the 
main street. The Original Building is a two-story, flat-
roofed, common bond pattern brick building with a 
central, limestone architrave entrance and tall, multi-
pane, steel-framed windows. The Addition Building is a 
four-story, flat-roofed, also common bond pattern brick 
building characterized by ribbon storefront glazing along 
the main level and the top story (Fig. 2). The Addition 
Building also includes a single-story, central, fan-
shaped volume which serves as the main entrance and a 
circulation attachment with the Original Building (Fig. 2). 

While levels 1 and 4 of the Addition Building are 
characterized by fully glazed storefront facades on 
the east and the west, levels 2 and 3 have no windows 
(Fig. 2). The only daylight available at these two levels 
comes from the storefront windows at the far ends of 
interior corridors (Fig. 3). Given their primary program 
of laboratories, classrooms, and offices, the absence 
of daylight in occupied spaces in a predominantly cold 

climate may not only contribute to significant lighting 
loads and heating loads but may also result in low 
occupant comfort, sense of well-being, and productivity.16

4.2 Case Study Environmental 
Response Analysis

The case study site in Amherst, Massachusetts, falls 
under the ASHRAE 90.1 climate zone classification 5A 
(cold and humid), which makes this a predominantly 
cold and heating-dominated climate. The following 
design strategies are recommended for facade systems 
in heating-dominated climates: solar collection through 
building envelope and passive heating, heat storage in 
building envelope, heat conservation within building 
through improved insulation and maximizing daylight 
to reduce lighting demand.16 Available climate charts 
for the nearest location, Chicopee Falls, Massachusetts, 
show that the temperatures are predominantly below the 
comfort zone for about 9 months of the year and that 
the average low temperatures during winter months 
are between 20 to 30°F (-7 to -1°C). Solar radiation is 
consistent for about 8 months of the year, which reinforces 
the general recommendation to harvest this passive 
source of energy in this predominantly cold climate. 

Due to pre-existing site conditions, building orientation 
and shape conflict with design recommendations for this 
location and climate, as the east and west facades of 

Figure 2: Hasbrouck Hall East elevations of the Addition Building (left), Original Building (right), and full building axon (bottom) according to 
original design intent and current state.
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Figure 3: Hasbrouck Hall solar exposure and solar radiation analysis using Revit and Insight 360 software simulations.

both buildings are elongated, and the north and south 
facades are minimized. Moreover, the formal qualities of 
the building exterior are not responsive to environmental 
conditions, as the treatment of the facades is irrelative 
to sun exposure and similar on both the east and 
the west facades. Both buildings demonstrate few 
differences in facade treatment, and window locations, 
sizes, and quantities are similar regardless of east or 
west orientation. The south facade, belonging to the 
Addition Building, apart from being minimally exposed, 
is characterized by dense vertical louvers on levels 1 and 
3, while level 2 does not have any windows. The north 

facade, which belongs to the Original Building, has only 
a few windows that serve the central corridor and not the 
occupied spaces. This indicates that passive strategies, 
such as solar exposure and radiation were not considered 
during the design of both buildings. 

Revit software was used to model a full 3D, BIM model of 
the existing building based on digitized scans of original 
construction drawings from the university’s archives 
for both buildings. The resulting Revit model was used 
to study shadows during different times of the year, 
and Insight 360 Solar Analysis software was used as a 
simulation tool to evaluate solar radiation (Fig. 5). Revit 
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software was able to provide the solar path and shading 
simulation based on exact geographic coordinates 
and the site-adjacent weather file for Chicopee Falls, 
Massachusetts. Results show that regardless of season, 
the south facade and the general south portion of the 
Addition Building are predominantly in shade due to the 
size and proximity of an adjacent building. In addition, as 
expected, the elongated east and west facades of both 
buildings are most exposed to the sun during operating 
hours, which is more accentuated during the spring and 
fall seasons. However, dense trees on the building site 
filter and reduce exposure and heat gain upon these 
elevations, which is reflected in the solar radiation 
analysis results (Fig. 3). The lack of any glazing on east 
and west elevations of levels 2 and 3 of the Addition 
Building, coupled with predominant shade and low 
solar radiation for both buildings, make it difficult to 
implement design recommendations, such as maximizing 
natural daylight and harvesting solar radiation through 
the building envelope for passive heating to reduce the 
lighting and heating loads in this climate zone.16,17

Since both buildings were designed before the energy 
codes were introduced, it is not surprising to observe 
contradictory design strategies and general disregard 
of environmental conditions and energy performance 
criteria. High-performance buildings should surpass 
energy codes by maximizing passive design strategies 
and incorporating high-performance technologies 
and materials to achieve optimal facade function and 
thermal behavior based on climate.16

 4.3 Case Study Formal and Spatial Overview

Hasbrouck Hall is composed of primarily research 
laboratories and administrative spaces, which branch 
off the central corridor to the east and the west of each 
level, without a particular pattern at both buildings (Fig. 
4). Laboratories and office spaces are segregated into 
separate spaces without visual transparencies between 
these functions, and the general size of these types of 
spaces is irregular. Current practice encourages larger 
laboratories that implement visual transparencies to 
encourage collaboration, flexibility to allow for adaptions 
to space function in the future, and decentralization and 
clustering of energy systems by program function to 
balance energy needs. Through empirical evaluation of 
the building program adjacencies and circulation, it may 
be concluded that the current spatial organization and 
size of individual laboratory spaces may not be conducive 
to current day needs, current day code requirements, or 
a comfortable user experience and wayfinding. These 
aspects were considered in the proposed  retrofit design 
strategies, which influenced the proposed reconfiguration 
of floor plans and interventions at the building facades. 
This resulted in an addition of significant building area 
and volume, which were later included and accounted for 
in full building energy simulations.
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Figure 4: Hasbrouck Hall floor plans according to original design intent and spatial organization.
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4.4 Case Study Formal and Spatial Retrofit 
Design Exercise

The existing, solely transient nature of the central 
connecting volume between the Addition and the Original 
Hasbrouck Hall buildings was replaced by a dramatically 
sculptural five-story curtain wall, which integrates 
amorphous photovoltaics in addition to opaque spandrel 
panels (Fig. 5 and Fig. 14). With this gesture, an effort 
was made to accentuate the main building entrance 
with a canopy and steps which integrate accessible 
ramps. The remaining building entrances were also  
reconfigured to include accessible means of entry.

The next major challenge was to maintain as many CMU 
interior partitions as possible, while enlarging laboratory 
spaces between both buildings, and integrating 
shared office spaces, meeting spaces, and also shared 
laboratory prep rooms where heavy equipment and fume 
hoods are typically located (Fig. 6). Shared prep rooms 
and office spaces were difficult to achieve at the Original 
Building, where the structural bays were narrower, 
and the existing CMU partitions and window locations 
dictated a tighter layout of those retrofit spaces. Another 
challenging planning exercise regarded evaluation of 
the existing vertical transportation and accommodating 
sufficient egress, which required an addition of several 

Figure 5: Hasbrouck Hall full building axon (top) and axonometric floor plans of each level (bottom) according to proposed retrofit design intent.
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Figure 6: Partial floor plans at the Hasbrouck Hall Addition Building (top) and the Original Building (bottom) according to the proposed retrofit 
design intent.

stair towers and an additional elevator at the Original 
Building (Fig. 5). 

Next, as the second and third levels of the Addition 
Building did not integrate any windows into the occupied 
laboratory spaces, windows were added, and the 
building was enclosed with a double skin facade system 
of a solar wall technology that attaches onto the existing 
building skin. While the intent was to insulate and clad 
the Addition Building on the outside, the strategy for the 
more traditional brick veneer and stone ornamented 
facade of the Original Building was to insulate and 
refinish from the inside. High-hazard laboratories were 
located on the roof level of the Addition Building, and a 

green roof garden was provided for building users. 

Ultimately, the planning reconfiguration was not 
something that could be simulated for building 
performance. However, it was necessary to understand 
a holistic retrofit process—one that for this specific 
building typology almost always requires additional 
building area, a significant overhaul of interior partitions 
and egress circulation, and repurposing of insufficiently 
sized, original laboratories into administrative spaces. 
Additionally, plans influence the approach that 
should be taken for the building enclosure (location 
of glazed openings and percentages of glazed versus 
solid facades).
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4.5 Case Study Facade System Performance

ASHRAE 90.1 prescribes minimum allowable thermal 
resistance (R-value) and the maximum allowable heat 
transfer coefficients (U-factor) for the different types 
of exterior walls. The glazed portions of a facade 
also include the maximum allowable solar heat gain 
coefficient (SHGC). For the case study climate zone, 5A, 
the minimum recommended R-value for an opaque 
facade assembly is 11.40 / 2.01 (h-ft2-°F/Btu / m2-°K/W), 
the maximum recommended U-factor for a glazed 
facade is 0.090 / 0.511 (Btu/h-ft²-°F / W/m²-°K), and the 
maximum recommended SHGC of glazed fenestration in 

climate zone 5A is 40%.15 However, for colder climates, a 
higher SHGC can help support passive solar heating, but 
it should not exceed 45%.13 

Typical window system details of both the Original 
Building and Addition Building indicated a rather simple 
technology, utilizing painted aluminum, non-thermally 
broken frame profiles, aluminum spacers, and single 
layer, clear glazing of slightly different thicknesses, 
respectively. Similarly, typical solid, exterior wall sections 
at both buildings indicated few layers and no insulation 
in their brick veneer and concrete masonry unit (CMU) 
frame assemblies. At the Addition Building, a typical 

Figure 7: Typical solid and glazed facade systems at the Hasbrouck Hall Addition Building, indicating both the existing condition (black) and 
proposed retrofit strategies (superimposed in color).
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Figure 8: R-value performance analysis of the typical solid facade system at Hasbrouck Hall Addition Building, including the original assembly 
(left), same type of exterior wall assembly according to current practice (center), and proposed retrofit assembly (right).

solid facade system included 4 in (10 cm) standard course 
brick veneer and 8 in (20 cm) CMU frame, with reinforced 
fabric flashing sandwiched between these two layers. 
For the Original Building, a typical solid facade system 
included 4 in (10 cm) standard course brick veneer, 8 in 
(20 cm) cinder block frame, and an additional, interior 
layer of 2 in (5 cm) cinder block as interior finish. There 
was no mention or indication of any waterproofing layers 
at that building. 

The performance of the typical solid facade at the 
Addition Building was evaluated through manual R-value 
calculation and also though WINDOW, THERM, and WUFI 
software simulations. Through the inter-changeable 
operability of WINDOW and THERM, WINDOW was used 
to derive the overall U-factor, and THERM was used to 
analyze heat transfer performance and potential of 

condensation at the Addition Building typical window 
system. WUFI was used to derive simulated R-values of the 
typical solid facade system, and to analyze its combined 
heat and moisture transfer. Figure 7 illustrates the 
typical solid and glazed facade systems at the Addition 
Building. Color notes and detail indicate proposed retrofit 
strategies upon the same diagram. 

Regarding the retrofit strategy for the solid facade system, 
solar wall cladding system was used for the proposed 
analysis. It acts both as an additive air insulation layer 
and as a heat harvesting, passive, double skin facade 
system that could be applied to existing facades. Choice 
to integrate this technology was a result of the existing 
condition, where the embodied energy of the existing 
concrete and brick layers dictated that these layers 
remain part of the assembly, and where the complete 
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lack of insulation dictated that additional facade layers 
were necessary and would have to be applied either on 
the exterior of the existing facade or the interior of the 
existing facade. Here, a choice was made to treat the 
existing facade layers as structure, and to insulate and 
reclad on the exterior. 

Figure 8 shows the results of manual R-value calculations 
for this typical solid wall assembly at the Addition 
Building. It includes the existing condition analysis 
(left), what this exterior wall assembly would have been 
composed of in conventional practice (center), and 
the proposed, retrofit condition utilizing the solar wall 
technology (right)

Through manual calculation, the R-value of this existing 
exterior wall assembly was 2.47 / 0.43 (h-ft2-°F/Btu 
/ m2-°K/W), while accommodating for an interior 
finish layer of plasterboard, which was not noted on 
the section drawings but was indicated as a finish 
material in other areas of the building. To note, this 
extremely low result indicates an idealized thermal 
performance per the original construction drawings, 
not considering the potential degradation of the facade 
through the building’s age, thermal bridging, or any 
lack of maintenance. Conventional brick veneer and 
CMU frame facade resulted in an R-value of 14.60 / 
2.57 (h-ft²-°F/Btu / m²-°K/W) and was 28% higher than 
the minimal recommendation.17 This common facade 
type is not considered a high-performance facade, as 
high-performance facades strive for improved thermal 
performance.16

Thus, manually calculated results indicated that the 
typical solid facade system of Hasbrouck Hall’s Addition 
Building is not only a poor-performing system, but it is 

underperforming by 83% compared to the conventional 
assembly of this facade type, and by 78% compared to 
minimum code requirements. Such underperformance 
in a predominantly cold climate likely incurs excessive 
heating  loads on this building. Similar results are to be 
expected with the original building due to a similarly 
crude makeup of the facade system. 

Thermal imaging was also conducted of the east facing 
facades, which reinforced the poor thermal performance 
results based on manual and WUFI simulations from 
archival drawings (Fig. 9). 

For the proposed retrofit option, the manual R-value 
calculation indicated a 173% improvement compared 
to minimum code requirements and 135% increased 
thermal performance compared to conventional brick 
veneer and CMU frame facade. The resulting R-value 
was 19.71 / 3.47 (h-ft²-°F/Btu / m²-°K/W), by adding 
insulation and a 4 in (10 cm) air cavity within the metal 
cladding layers of the solar wall system. 

Next, WUFI simulations were conducted to evaluate 
the thermal and moisture resistance performance 
for the same typical, solid facade at the Addition 
Building, simulating the same three options (existing, 
conventional, and retrofit). Two environmental 
orientations were evaluated - east and west - for each of 
three options, as WUFI has the capability of simulating 
climate-specific precipitation and wind conditions which 
do vary based on building orientation (Fig. 10). For these 
simulations, climate for Boston, Massachusetts, was used 
as the nearest available data file. Thus, 6 WUFI models 
were evaluated and presented in Figure 10. Additional, 
but not illustrated, WUFI models were generated and 
simulated to account for different exterior insulation 

Figure 9: Hasbrouck Hall east facade thermal imaging during winter of 2021; Addition Building (left), Addition Building’s main entrance volume 
(center), and Original Building (right).
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Figure 10: Thermal and moisture transfer analysis of a typical solid wall assembly at Hasbrouck Hall using WUFI software simulations.
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types and thicknesses, air cavity of the solar wall 
cladding system, and different interior finish layers 
in order to derive the optimally performing exterior 
wall assembly for the retrofit option. Also, a couple of 
additional WUFI models were simulated to specifically 
compare heat flux values of having a “perforated metal” 
exterior cladding layer for an emulated, novel solar wall 
system against a solid exterior cladding layer, as the 
best attempt to emulate this technology was resulting in 
undesirable performance results due to the limitations of 
utilized software for non-conventional facade systems.  
This is clarified in Figure 10 notes. 

The simulated R-values of all three options (existing, 
conventional, and retrofit) resulted in either slightly 
or significantly higher values than through manual 
calculations. That of the Addition Building’s typical solid 
wall assembly was still extremely low, 3.53 / 0.62 (h-ft²-
°F/Btu / m²-°K/W), underperforming by 70% compared 
to minimum code requirement. Conventional brick 
veneer and CMU frame facade resulted in a 204% higher  
R-value than minimally required at 23.29 / 4.10 (h-ft²-°F/
Btu / m²-°K/W). The solar wall retrofit facade resulted 
in a 274% higher R-value than the minimally required 
value by code, and a 133% improvement compared 
to the simulated conventional brick veneer and CMU 
frame facade at 31.19 / 5.49 (h-ft²-°F/Btu / m²-°K/W), 
well exceeding the minimal recommended benchmark 
of high-performance.16 Comparatively, although the 
simulated R-values were 13% higher for the existing 
assembly, 76% higher for conventional assembly, and 
101% higher for the retrofit assembly, the pattern of 
severe underperformance of the existing and an extreme 
improvement in the performance of utilizing a double 
skin facade was observed. 

Looking at the moisture performance results, Figure 10 
shows very little difference between existing and what 
would have been a conventional brick veneer and 
CMU assembly, and that east orientation was prone to 
absorbing moisture, significantly more than the west 
elevation, which indicated negative digits (or evaporated 
moisture content). This is likely due to the NW facing 
winds. Interestingly, the proposed retrofit option, which 
integrates an air cavity, indicated the same, negative 
digit value result regardless of orientation. Moisture flux 
results indicate the direction of water content, positive 
value indicating a direction toward the interior side 
and negative indicating a direction toward outside of 

the facade assembly.18 Similar to total water content 
results, the east-facing facade of both the existing and 
conventional assembly was prone to a higher increase 
in moisture transport toward the interior, while the west-
facing facade of these two assemblies was in near-zero 
or negative digits. 

This resistance to moisture buildup is also illustrated 
in the graphs of Figure 10, where blue traces indicate 
a near complete reduction of water penetration over 
two years, and where green traces indicate a much 
more constant and stable value of relative humidity 
within the wall assembly layers. For the retrofit option, 
the charts of Figure 10 also illustrate an improvement in 
maintaining the temperature levels (red traces) within all 
facade layers above the dew point temperatures (purple 
traces), indicating less potential for condensation within 
the assembly.

Similar to moisture flux values, heat transfer is indicated 
by the heat flux values, positive value indicating 
heat retention at the interior side, and a negative 
value indicating heat loss toward the outside of the 
facade assembly.18 Concurrent with extremely low, 
underperforming R-value results, Figure 10 shows an 
extreme heat loss through the existing facade assembly, 
which similar to moisture transfer results is more severe, 
by 24% at the west orientation. As expected, the 
conventional facade assembly indicates heat retention. 
However, heat retention was also significantly reduced 
at the west orientation, by 97%.

The retrofit facade assembly indicated a constant value 
heat flux regardless of orientation, a 77% reduction of 
heat loss at the east, and an 83% reduction of heat loss 
at the west orientation compared to the existing facade 
assembly. However, its heat flux values still indicated a 
heat loss. As noted in Figure 10 notes, this is attributed 
to the perforated metal cladding layers that were 
utilized and substituted to best represent the double 
skin facade system of solar wall technology. The micro-
perforations of the exterior layer of metal cladding serve 
to create negative air pressure, which retains and heats 
the incoming air within the air cavity – performance 
properties that WUFI software cannot account for. This 
was tested by swapping the exterior most, perforated 
metal layer with a  solid material, and the heat flux value 
immediately resulted in a positive value. Thus, although 
the software simulation may not be able to truly evaluate 
this novel, passive system, results show that these tools 
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are very helpful in evaluating both existing and retrofit 
performance, to test and verify design decisions.

Next, WINDOW and THERM simulations were done 
to analyze thermal performance of a typical glazed 
window system at the Addition Building. As archival and 
empirical data of this specific case study demonstrated 
what is generally accepted as the worst-performing 
type of glazed assembly (non-thermally broken frame 
with a single layer of glass), only the existing and a 
high-performance alternative system was analyzed to 
quantify the potential improvement in glazed facade 
performance. However, where this is not the case, 
multiple nuanced iterations of potential retrofit options 
can be analyzed in the same manner.

Typical window system head detail was used to derive 
the overall U-factor and the SHGC of this typical window 
system, for both the existing and proposed retrofit 

options, using both WINDOW and THERM. THERM was 
also used to simulate the thermal and condensation 
performance of the existing window system under 4 
environmental scenarios (Fig. 11). 

As expected for a non-thermally broken, single glazed 
window system, WINDOW results for the overall U-factor 
of the existing window system were very high, resulting 
in a value of 0.905 / 0.159 (Btu/h-ft²-°F / W/m²-°K). 
Compared to the maximum recommended U-factor for 
a glazed facade in this climate, 0.090 / 0.511 (Btu/h-ft²-
°F / W/m²-°K), the typical window system of Hasbrouck 
Hall underperforms by 90%. SHGC result was 0.716, thus 
72%, and far exceeding the maximal recommended 
value of 45%. Another provided value, the condensation 
resistance CR value was 8, an extremely low value 
on the scale of 1-100. Thus, the thermal and moisture 
resistance performance of this window system severely 
underperforms, especially in its climate. 

Figure 11: Hasbrouck Hall east facade thermal imaging during winter of 2021; Addition Building (left), Addition Building’s main entrance volume 
(center), and Original Building (right).
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The first scenario in Figure 11 was based on the NFRC 
exterior and interior environmental conditions,19 which  
illustrated a very cold assembly. The entirety of the 
frame and edge of the glass was at about 8°F / -13°C, 
and as indicated by the yellow line traced along the 
interior edges of frame and glazing, this window system’s 
interior temperatures were below the interior dew point 
temperatures and, thus, developed condensation. 
As the NFRC prescribed environmental conditions 
test a very cold exterior circumstance,19 options 2-4 
evaluated the temperature gradient and potential for 
condensation under some more commonly observed 
and mild winter temperatures, including both a low 
interior relative humidity (RH) at 30%, and also a higher 
one at 50% interior RH. Results show that under an 
exterior temperature of 20°F / -7°C and 30% interior RH 
there was no condensation. However, as soon as the 
exterior temperature drops to 10°F / -12°C or as soon as 
the interior RH is raised to 50%, condensation occurs 
either at just the entire interior face of the frame or 
both the interior face of frame and edge of glass. The 
temperature gradient in these milder winter conditions 
remained at about 40-45°F / 4-7°C. 

Poor performance among all window system 
components was present (the non-thermally broken 
frame, the single layer, uninsulated glazing, and the 
minimal aluminum channel spacer), which informed 
that all components of this window system would have 
to be improved. 

THERM simulations of the proposed triple insulated 
glazing unit with air and a thermally broken aluminum 
frame were not simulated. However, WINDOW was used 
to derive what the overall U-factor and SHGC would be 
for this type of widow system using generic components. 
Results indicated a U-factor value of 0.449 / 0.079 (Btu/
h-ft²-°F / W/m²-°K) and an SHGC 0.556 or 56%. Just 
increasing the layers of clear glass without utilizing any 
low-e coating or sophisticated thermally broken frames, 
the U-factor was increased by 50% and the SHGC was 
reduced by 22%. The SHGC would be further reduced if 
one of the glass layers included a low-e coating. 

Results of these solid and glazed facade simulations 
were used as inputs for the whole building energy models 
in Sefaira software, for both the existing and proposed 
simulations. U-factors and SHGC from WINDOW were 
applied. And, due to drastic differences between 
manual and WUFI R-value results, manual results were 

applied for this next step. Floor and roof R-values for the 
existing building simulation were also manually derived 
from archival drawings.

4.6 Case Study Whole Building 
Performance Analysis 

Once the facade analysis was concluded, whole 
building energy simulation was conducted using a 
Revit compatible energy simulation software, Sefaira. 
To conduct this analysis, the architectural Revit models 
for both the existing and retrofit options were simplified 
regarding their geometry and number of components, 
per software recommendations to prevent errors in the 
simulations.20 For example, walls were simplified of their 
detailed layer compositions, window wall mullions were 
removed, and a single layer glazing window family was 
used for the glazed portions of the building so that the 
software reduced the number of individual components 
and geometric planes it needs to analyze. Instead, 
the thermal performance of the building enclosure 
(walls, roofs, glazing) was manually specified within 
the simulation software (Fig. 12). Additionally, similar 
function spaces had their partition walls designated 
as non-room bounding to cluster spaces and reduce 
the number of rooms, or zones software needs to read 
in the entire building model. Even circulation and void 
spaces had to be designated as 3D rooms, which were 
later manually assigned as ignored or unconditioned 
spaces. Occupied rooms were assigned function with 
associative default plug loads for office, school, etc. Also, 
the building’s passive and active energy systems were 
manually specified. Additional detailed, simplification 
procedures along with detailed inputs (outside of default 
settings) are shown in Figure 12. 

Simulation results captured  EUI value, including monthly 
and annual energy consumption by category (heating, 
cooling, ventilation, etc.) as summarized in Figure 13. 

For the existing building, results indicate an 18% lower 
EUI value (139 kBtu/ft2/yr) than actual collected data 
(154 kBtu/ft²/yr). Deviation in simulation results was 
about 10%, which was considered when comparing 
the retrofit design option against the existing building 
conditions. Retrofit design EUI value (126 kBtu/ft²/
yr) indicates a 9% decrease from the existing building 
condition. However, Figure 13 shows that the overall 
energy consumption for the retrofit design increased by 
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Figure 12: Hasbrouck Hall full-building energy model inputs and EUI results for existing and retrofit design options using Sefaira.
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32%. This is due to the significant increase in the program 
area; 67% building area was added to size up laboratory 
spaces and add a large central, glazed atrium of shared, 
circulation spaces.

Through a separate analysis, EUI reduction through 
a maximal roof area coverage in solar panels was 
calculated using a publicly available tool, PVWatts 
Calculator.21 Those results showed that utilizing 626 
premium, 200W, 30-degree tilt, single-axis solar 
panels, a EUI reduction of 6, and an energy savings of 
5% was achieved. This calculated component would 
further reduce the retrofit design EUI to 121 kBtu/ft²/yr 
for an overall 13% EUI reduction despite the increased 
building area. 

In addition, Sefaira was not able to account for 
harvested energy of the solar wall technology, which 
promises between 150-350 kBtu/ft²/yr in generated 
heat,22 and the additional regenerative systems the 

retrofit design option integrated, such as hydrogen fuel 
cells and thermoelectric (TE) modules (Fig. 7 and Fig. 14). 
Fuel cells generate electricity by combining hydrogen 
and oxygen across an electrochemical cell, and store 
this energy as heat or electricity, much like large-scale 
batteries. Meanwhile, TE facade systems offer passive 
energy production without the use of mechanical parts 
or the production of toxic waste.19 Studies have been 
conducted to determine how facade-integrated TE 
materials behave in typical climatic conditions, how is 
their performance is affected by different configurations 
of heat sinks, and how is the thermal performance 
affected by varying electricity supply, climatic conditions, 
and assembly construction.23, 24 

Although these regenerative systems could not be easily 
simulated for this article, the exemplified process shows 
that a combination of manual and simulated steps of 
analyzing existing state performance and using those 

Figure 13: Hasbrouck Hall full-building energy model results for existing and retrofit design options using Sefaira.
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results to influence and test desired design gestures 
can be very useful in achieving energy consumption 
reduction in a retrofit design process. Tools presented 
here allow the designer to quantify maximized passive 
strategies, before integrating some of the more costly 
and sophisticated technologies to further reduce 
energy usage.

5.0 Conclusion
Final research results showed that the existing building 
drastically underperforms in all evaluated criteria. 
Conceptualization of both the Original and the Addition 
buildings did not integrate any environmental or passive 
design strategies. Building enclosure at both buildings, 
whether solid or glazed, severely underperformed in 
its thermal and moisture resistance due to the bare 
minimum of its systems’ layers and non-integration 
of any insulation. Such underperformance in a 
predominantly cold climate poses significant challenges 
for a potential retrofit process, as the building skin would 

have to be either built up on the exterior or interior sides 
of the enclosure. Moreover, the interior program and 
spatial organization were segmented and scattered, 
without any visual transparencies or inviting program 
for the public and users to socialize, and several floors 
of occupied science laboratories and offices did not 
have any windows. Additionally, egress and accessibility 
were insufficient. Such state would also pose significant 
challenges for potential retrofit process, as the interior 
spaces would require a deeply invested intervention 
and reconfiguration, which may result in needing to 
provide additional building area to accommodate 
additional public, interdisciplinary, and casual program 
in addition to likely having to significantly enlarge and 
equip existing laboratories to current day standards 
of practice. 

Primary, passive retrofit strategies included 
improvements in building enclosure, specifically adding 
insulation and water drainage to the exterior walls and 
insulation and thermally broken components to window 
systems. Thermal performance of the proposed solid 
facade system, a solar wall and double skin facade, 
showed a 173% higher performance compared to what 

Figure 14: Hasbrouck Hall retrofit design axon and section, illustrating combined passive and active retrofit design strategies.
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is minimally required by code, an almost 8-fold (798%) 
higher performance compared to the existing solid 
facade performance. Moisture performance of the 
same proposed solid facade system also significantly 
improved by nearly 300%, and no water was retained. 
Meanwhile, the thermal performance of the proposed 
glazed facade system, a triple, air-insulated glazing 
units with a thermally broken frame, showed a 50% 
decrease in overall U-factor value and a 22% decrease 
in SHGC. These quantifiable strategies, including the 
addition of roof solar panels, were simulated and 
calculated to evaluate the overall energy savings which 
resulted in an overall 13% EUI reduction despite a 67% 
increase in retrofit building area which resulted from 
an addition of a large 5-story atrium between the two 
existing buildings. 

Overall results, for a building typology that heavily relies 
on energy-intensive mechanical systems, show that the 
sequential process of analysis methods and simulations 
used in this case study (which are typically utilized to 
inform design decisions of new buildings), helped to 
inform retrofit decisions as a reiterative process. It helped 
quantitatively maximize passive strategies to lower the 
overall building EUI before considering supplemental, 
active systems. Though a single case study, the process 
applied in this article, can be widely applied to analyze 
existing and proposed performance and to inform 
design decisions regarding sustainable retrofitting 
of existing buildings that our society is increasingly 
challenged with.  
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