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ABSTRACT
An overlooked but critical area for investment in energy and envi-
ronmental impact reduction is existing buildings, especially in the
residential sector. In the United States, cheap energy, short term
economic thinking, and uncertainty around solutions and outcomes
has left a nascent market. Barriers to sustainable retrofitting in the
US and abroad have prevented what could be significant progress
towards the UN’s Sustainable Development Goals (United Nations,
2015). In this study, a design automation tool is developed and
tested to drive decision making for sustainable retrofitting that
may be applied across projects of varied type and climate in the
US. Potential retrofit strategies are designed, analyzed, and com-
pared for an existing apartment style building housing 466 residents.
Sustainability solutions are assessed using a Life Cycle Analysis
(LCA) approach to provide a “cradle to grave” view of the impacts.
Economic impacts are analyzed using Net Present Value (NPV) con-
sidering available costs for the systems and US interest rate data.
The design automation looks at impacts related to sustainability,
economics, and human health as well as providing relevant imple-
mentation information that can be used by project owners to plan
retrofit projects. The goal of this research is to prove that this design
framework can streamline the upfront design and decision-making
process to drive greater adoption of sustainable retrofit projects by
addressing stakeholder barriers early in the design process.
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1 INTRODUCTION
Globally, buildings represent roughly 40% of energy consumption[12].
In the US, due to the prevalence of automobile and truck transporta-
tion, that figure is slightly less, roughly 28%[1]. The current energy
mix in the US is roughly 80% carbon-based energy sources so while
investment in renewable energy technologies to lower emissions is
critical, this strategy must be coupled with demand side solutions
to improve energy efficiency and reduce consumption to reach near
term emissions reduction goals set out in the Paris Accord. The
large proportion of energy use associated with buildings represents
a significant opportunity for energy efficiency to reduce overall
energy use and thus reduce greenhouse gas emissions. Recognition
of this strategy has occurred especially in the EU where policy
initiatives have been instituted to varying degrees of success to
reduce energy consumption in the building sector.

In the EU, current statistics show that of all the buildings that
will be occupied by 2050, 80% have already been built today[18]. Of
the existing housing stock in the US, roughly 52% of homes were
built before 1980, 80% were built before 2000, and 96% were built
before 2010. Annually, the additions to the housing stock by new
construction accounts for roughly a 1% addition to the total stock.
This means that the majority of the opportunity for energy reduc-
tion for buildings is in existing buildings, not new construction. Life
Cycle Analysis (LCA) is a framework for analyzing environmen-
tal impacts from human activity throughout the entire life of the
project “from cradle to grave.” ISO 14040 has standardized the LCA
process in an effort to yield more widely comparable results among
different industries and countries where the studies are performed.
LCA has shown that when comparing building retrofits to new
construction, environmental impacts associated with the life cycle
of building components can be 53-75% less [8]. The difference in
impact depends heavily on the amount of refurbishment required
(major structural or interior wall changes driving greater impacts)
as well as the location which drives energy in the use phase. Even in
the case of a home built in the late 1960s in Portugal using masonry
construction, the building refurbishment which involved structural
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and building envelope improvements yielded a 22% reduction in
embodied energy from new building construction[6]. Not only is
it unlikely that all existing building stocks will be replaced with
new construction in time to meet current sustainability goals, LCA
proves it is not the most sustainable practice to do so. In this study
we will use LCA to analyze the impact of retrofits on existing
buildings to provide the most sustainable solutions. Despite the
evidence that retrofitting is a sustainable strategy for improving
energy efficiency of the existing building stock with lower envi-
ronmental impacts than new construction, this strategy has not
been widely adopted to date. The project stakeholders in the retrofit
market, homeowners, property managers, and developers, are faced
with significant challenges, starting with high capital expenses for
retrofits with seemingly uncertain outcomes and payback. In ad-
dition, lack of public incentives driving the market and a diverse,
fragmented supply chain with a lack of integration support makes
it unlikely that the average owner will take on this work. This
research will demonstrate a framework for a design development
tool to empower project stakeholders to understand the financial
and environmental viability of various solutions in order to make
decisions regarding what to implement to reduce their impact.

To demonstrate the usefulness of this framework, a case study
project is selected on the campus of the University of Southern
California. Parkside Apartments is located on the Southwest corner
of the USC campus in South Los Angeles and comprises two 6-story
buildings capable of housing up to 466 students[13]. As of summer
2020, a retrofit of the Parkside Apartments is under construction.
The retrofit involves the replacement of parts of the building enve-
lope, namely the walls and windows where each apartment faces
out onto the campus. The retrofits are being undertaken in an effort
to improve the thermal performance and resident comfort without
provisioning an Air Conditioning system which would be prohib-
itive due to the concrete construction of the building structure
without a limited core. This presents an opportunity to compare
sustainable design alternatives to solve the thermal performance
issue with the building. This project will provide a comparison
of the chosen solution with others that can improve the building
performance. The baseline case for the project is represented by
the improvements to the envelope, namely replacement of glaz-
ing and insulated walls. The first alternative is the provision of an
air conditioning system with electricity use offset by a Solar PV
system. The second alternative is the provision of a passively acti-
vated facade system to provide ventilation and shading/daylighting
functions. This project proposes a framework for a Retrofit Design
Development Tool implemented in a case study comparing solu-
tion alternatives for Parkside Apartments based on environmental
impact and economic value.

2 BACKGROUND
The method used for analyzing environmental impacts in this study
is Life Cycle Analysis. LCA is accomplished in 4 stages, Scope Def-
inition, Inventory Analysis, Impact Analysis, and Interpretation.
Based on review of previous LCA studies on buildings and build-
ing retrofits, the lion’s share of impacts come from the use and
material production phases. However, impacts in each phase may
change due to project type, lifespan, and location. A simplified LCA

including the product, replacement, and operational use phases
demonstrated that the total non-renewable energy calculated com-
pared to a full LCA including all phases of the project (construction,
transportation, end of life, etc. per ISO 14040) showed less than
.5% difference in results[15]. Thus, it is appropriate when consider-
ing sustainability solutions, where energy use and emissions are
the critical metrics, to bound the project to the production of the
building materials (including the energy embodied in the materials
through extraction of raw materials and production) and opera-
tion and maintenance of the building. The LCA boundaries typical
for retrofitting LCA projects for comparison to new housing also
include the end-of-life phase for the project materials discarded
during the retrofit as well as for all the materials involved in the
project[8]. A full LCA inclusive of all impacts for every compo-
nent down to the “nuts and bolts” represents a huge effort and
often leads to “analysis paralysis” as the cost and schedule to per-
form the work can be prohibitive. For this reason, truncation of
scope to materials and use for some cases and the use of simplified
LCA methodologies such as the Tally tool in Revit and existing
Environmental Product Declarations (EPDs) are employed as the
change to the results is shown to be negligible. A new framework,
ISO TC59/SC17 Framework for analysis of sustainability in civil
works is currently under development and may serve to further
standardize LCA for construction purposes and allow for greater
comparison of results[18].

The main goal of this study is to provide a framework for design
development that can be used in conjunction with project stake-
holders to quickly make decisions about sustainability solutions and
move towards greater implementation of retrofit projects. Stake-
holders for sustainable retrofit projects generally are the building
owner or management association. It is important to address the
market at the level of these stakeholders who manage the building
asset and need information for rational action[12]. The current
barriers to sustainable retrofitting mainly lie with project owners
or stakeholders’ uncertainty of lifecycle project costs and environ-
mental performance as well as lack of connectivity to the providers
of designs and solutions. Government funding in Europe at the
national level has allowed the barriers to implementing sustainable
improvements to the housing sector to be extensively researched.
Uncertainty of results and poor design practice leading to designs
that are not optimal are common and lead to lack of confidence in
solutions. For sustainable retrofits, the best solution for each build-
ing varies based on the building location and building type. For
instance, based on the location, the optimal energy retrofit could
vary between solar photovoltaics, wind turbine, or a ground heat
pump. In addition, optimal solutions for the building envelope will
vary based on the building construction andmassing. There is a lack
of knowledge about the solutions space especially among smaller
actors and many hire consultants to manage the design. In some
markets there is a shortage of consultants to manage projects and
for many smaller projects it is not financially viable to hire a consul-
tant. The design inputs are critical to the success of the design and
in many cases project stakeholders are unable to provide required
inputs or understand their effect on the design[12]. Poor input data
and lack of comprehensive design analysis for solutions can con-
tribute to poor design results or a mismatch between claims for the
project and the actual benefit, leading to a distrust of sustainable
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designs. Often, it is these economic benefits that are the focus of
design and marketing of solutions while improvements to occupant
comfort are not considered. Designing and marketing solutions for
benefits to occupants, the environment, and stakeholders may help
to increase adoption of sustainable designs.

The market for sustainable retrofits is characterized by “novelty,
complexity, and change”[12] and presents significant challenges
to project stakeholders. Firstly projects tend to have a high capi-
tal cost and long return on investment, making them difficult to
finance for many owners. Financial incentives through govern-
ment programs are often insufficient or subject to change. A lack
of policy instruments to drive the market through requirements
for energy, emissions, or water reductions, especially in the United
States, keeps costs higher due to lack of adoption. Often the market
is driven around specific subsidies offered by governments rather
than design optimization for specific projects[2]. Market variables
have a significant effect on the cost of solutions and may be location
specific, such as the rapid decline of PV panels with larger adoption
or the lack of building materials in some locations. Similar to design
of the solutions, implementation can be a complex process with
many suppliers and contractors which can be difficult to manage
and disruptive to occupants. In addition, contractors and vendors
tend to be specific to a single trade or product and there are few
vendors in the market providing comprehensive solutions. To meet
sustainability goals a comprehensive, “whole house” approach is
needed for retrofitting projects[2]. Stakeholders are often presented
with many solutions. Comparing solutions “apples to apples” or un-
derstanding the cumulative effect of solutions to understand future
operational expenses can be difficult. These challenges to implemen-
tation of sustainable retrofits lead to limited uptake in sustainability
measures referred to as the “Energy Efficiency Gap”[2]. A compre-
hensive process to streamline design, financing, and building is
needed to close the gap.

3 METHODOLOGY
For this study, the retrofit design development tool is tested using a
case study. The case study building is Parkside Apartments, made
up of two six story buildings totaling roughly 79,000 SF located at
3730McClintock Ave, Los Angeles, CA 90089. The buildings provide
residences to upper-level undergraduate students at the University
of Southern California. The building is primarily constructed from
concrete columns, floors, and grade beams with steel seismic brac-
ing and large windows for each residence. The building is owned
and managed by USC as part of its campus housing program. The
structure, age, and ownership structure of the buildings make it
similar to many apartment buildings in the LA metro area though
the obvious difference is its use exclusively for student housing.

All floor plans include a kitchen and bathroom to provide apart-
ment style living. The buildings have studio, one bedroom, and
two-bedroom apartment floor plans with 1-3 occupants per apart-
ment. There are 235 units total capable of housing up to 466 students.
The buildings are provisioned with a centralized gas fired heating
system with baseboard heaters in each room. There is no air condi-
tioning currently provisioned in the building. The buildings were
originally built as part of the athlete’s village for the 1984 Olympics
and were last remodeled in 2015[13]. Considering the building is

currently 36 years old, a 30-year lifespan for the retrofit project is
chosen as 60 years is a typical lifespan for concrete construction
buildings.

3.1 Assessment Criteria
Various assessment criteria are used for the development of sustain-
able retrofit designs to capture the needs of stakeholders in retrofit
projects. These criteria can generally be broken up into three cate-
gories: Human Impacts, Environmental Impacts, and Cost Impacts.
This approach is similar to the impacts used in a retrofit analysis
for building envelopes in Iran by Tahsildoost and Zomorodian[17].
Human Impacts include thermal comfort and daylighting. These
impacts are analyzed directly through an assessment of the final
BIM against the design criteria specified as inputs to the model.
Environmental Impacts are based in the LCA impact categories. For
this project, the selected impacts are Non-Renewable Energy in
MegaJoules, Global Warming Potential in Tons CO2 Equiv., Acidifi-
cation Potential in Tons SO2 Equivalent, Eutrophication Potential
in Tons Nitrogen Equivalent, and Smog Formation Potential in
Tons O3 Equivalent. Financial impacts are defined based on the Net
Present Value of the retrofit as a typical metric for profitability of
any capital project.

3.2 Environmental Impact Assessment
Based on previous retrofit studies, the scope is defined as: the Pro-
duction Phase (including materials, manufacturing, and transporta-
tion); the Construction Phase (including demolition and retrofitting);
the Use Phase (including energy use and maintenance); and the
End of Life Phase (including demolished materials and retrofits).
The environmental impacts are assessed using the Tally Add-In for
Revit to provide LCA impacts. Tally allows for a user to extract data
from a Revit model and relate the BIM elements to Tally’s library
which creates a Life Cycle Inventory with which Tally calculates
and generates an LCA report[9]. Tally also allows the user to define
accurately the scope of the study by selecting only certain com-
ponents as well as defining the service life of the building, which
components shall be considered, and whether to include the energy
consumption during the construction or use phase. Tally provides
impacts in its report by life cycle stage, CSI division, material, and
other categories. The impacts from Tally are Mass, Global Warming
Potential, Acidification Potential, Eutrophication Potential, Smog
Forming Potential, and Non-Renewable Energy.

The functional unit for the project is the Parkside Complex.
The service life for the building after retrofit is 30 years. Since
the solutions considered effect the entire building and there are
various types of units considered, it is appropriate to pick a metric
where the effects of each solution can be equally dispersed across
the functional unit. This allows for comparison of environmental
impacts of each solution to understand which solutions provide the
lowest impacts. This unit is also chosen as it is easy to compare
to other studies of housing units of similar size and occupancy. To
calculate the impact per SF to compare to other LCAs we take the
cumulative impact through the full scope for both buildings and
divide by 81,120 SF.

Tally only analyzes building elements in accordance with the ACI
building divisions for structures, building envelopes, and finishes;
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MEP systems (Mechanical, Electrical, Plumbing) and other building
products such as Solar Panels. Calculations for these components
are performed using OneClick LCA, a similar LCA software that
allows import of a Revit Model. For this research, inputs for the
Air Conditioning solution were done by hand in OneClick LCA[11]
rather than via Revit import as the import tool for OneClick LCA
is not yet compatible with Revit 2021. Life Cycle Impacts for Solar
Panels are not provided by Tally or OneClickLCA. For these impacts,
an EPD is used for a N-Type Bifacial Double Glass Photovoltaic
Module[3]. For this study, the scope of the LCA is defined based
on the outputs of the Tally tool to include Product, Transportation,
Construction Energy, Maintenance and Replacement, Operational
Energy, and End of Life, including reuse potential[9]. The LCA
scope for each also include the End of Life for any components
demolished due to the retrofit. Though the Transportation, Con-
struction, and Maintenance Stages are small[15] they are included
for completeness and consistency of results.

Tally provides results consistent with the ISO14043 Impact As-
sessment stage of the LCA. In this study, we examine these results
and provide comment but do not undertake a formal Interpretation
stage per ISO14044. The goal of the assessment is rapid compari-
son of design options rather than publishing peer reviewed LCA
results for use on future projects and the scope of interpretation is
truncated accordingly.

3.3 Financial Assessment
Financial data for the framework is from two sources. For the Solar
PV solution, capital cost and maintenance costs are from the NREL
SAM tool. For the building components, costs are calculated using
the RS Means database[7] using schedules generated from the Revit
BIM. Quantities from these schedules are input to the appropriate
RS Means estimate lines to generate project costs. RS Means uses
location specific data from 2011 for the free online tool and a Pro-
ducer Price Index adjustment from 2011 to 2020 is used of 140.3 for
2020 and 106.4 for 2011[14]. Costs of energy used are for California
and set at $0.15/kWh for electricity and $3/MMBTU for natural gas
heating.

The financial viability of each sustainability retrofit is analyzed
using the Net Present Value (NPV) method. The NPV is a measure
of the difference between the present value of future cash inflows
and the present value of cash outflows, namely the initial capital
expenditure, over a specified period. NPV is the primary measure
used in the development industry to analyze the profitability of a
project. NPV is calculated by discounting all future cashflows by a
specified discount rate to account for the fact that the initial capital
could have been invested in some stable market rate investment and
earn compounded interest over the same period. The discount rate
used for this project is the Federal Funds Rate, the rate which the
Federal Reserve Bankwill lend to commercial banks from its lending
facilities[16]. To automate this, the rate can be pulled from the
Federal Reserve website using an API. The current rate is artificially
low due to monetary policy by the Federal Government during the
COVID 19 Pandemic. Thus, for calculations in this case study, the
previous rate of August 2019 of 2.25% is used.

NPV calculations are carried out for each solution using the for-
mula 𝑁𝑃𝑉 = 𝐶𝑎𝑠ℎ𝑓 𝑙𝑜𝑤𝑠/(1+𝑅)𝑡 −𝐶𝑎𝑝𝐸𝑥 where 𝑅 is the discount

rate and 𝑡 is the number of time periods. For each project, the cash
inflow is defined as the savings on power or water costs over the
baseline case and increased rents where applicable for 30 years of
the project life. For the provisioning of Air conditioning, it is as-
sumed that $200 per person per semester additional rental revenue
can be earned and for Window and Wall replacements $100 per per-
son per semester can be earned due to increased comfort provided
to residents. Each cashflow is discounted per the above formula
and summed to provide the present value of future cashflows.

3.4 Human Impact Assessment
Occupant comfort is assessed using two criteria for the design
framework: lighting and thermal comfort. Formal design criteria
for the project are unknown, so assumptions are made for these
design criteria. LEED V4 utilizes IEM LM83 standard for Spatial
Daylight Autonomy[4]. Daylighting analysis is utilized for the fa-
cade solution to see which rooms have 55% of room area with over
300 lux throughout the day. Daylighting simulations are via the
Rhino 3D Modeling Tool utilizing the Grasshopper plugin Honey-
bee AnnualDaylight module[5]. A simplified BIM was exported in
Rhino for this analysis and the above Grasshopper workflow was
followed to perform the daylighting calculations. Assumptions for
thermal comfort criteria are setting the cooling setpoint for the
energy analysis to 74 degrees Fahrenheit and heating setpoint of
70 degrees Fahrenheit. Weather data utilized for analysis is from
weather station 7780 at Rose Hill north of Downtown Los Angeles
with summer dry bulb temperature of 94 degrees Fahrenheit and
winter dry bulb temperature of 44 degrees Fahrenheit with a peak
cooling date in September. A rudimentary analysis is performed
utilizing the Heating and Cooling Analysis tool in Revit, though
more accurate simulations could be performed utilizing Energy-
Plus workflows in Rhino/Grasshopper but this was beyond the
capabilities of the team.

3.5 Retrofit Case Study
Within the scope of this research, a limited number of retrofit op-
tions are considered to demonstrate the applicability of the design
tool. In selection of the retrofit options, the goal is to provide a
comparison of options to the selected retrofit being undertaken
currently at the project site. Currently, exterior walls and windows
in apartments are being replaced with higher insulation walls and
windows with a reduced area of windows. Retrofits are being un-
dertaken in an effort to reduce the thermal load on the building and
improve comfort of residents as the building does not have air con-
ditioning. Retrofits are selected with the goal of improving thermal
comfort of residents and improving building environmental per-
formance. The baseline design considered is the original building
inclusive of large 6’ exterior glazing on each floor and vinyl siding
with insulation below. The structural components of the building
are not considered as the scope of the LCA and cost analysis only
considers the components of the building that are changed by the
retrofit. The first retrofit considered is the provision of an air con-
ditioning system for the building consisting of mini split systems
mounted on the exterior grade beams of the building. This system
is chosen as it does not require ducting that would involve much
more intensive construction due to the concrete slab structure. The
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Figure 1: Retrofit Development Tool Process Flow Chart

second solution considered is the current retrofit under construc-
tion inclusive of changes to the glazing design including reduced
window size and double pane glazing as well as a change in wall
materials to EIFS (Exterior Insulation Finishing System) on Metal
Studs. The third solution is a passively activated facade design in-
clusive of aluminum louver elements fixed to the building exterior
that utilize a heat activated fluid filled cylinder to provide optimal
shading and thermal performance for the building. This strategy
is chosen in collaboration with another USC research project on
sustainable facade design. The fourth option considered is the in-
troduction of a Rooftop Solar Photovoltaics (PV) to the building to
supplement some of the electrical load for the building especially if
air conditioning is added. PV is placed on the roof of the building
over an area of 12100SF with 10 degree angled fixed panels at 90%
fill rate. The PV system is designed using the National Renewable
Energy Laboratory (NREL) System Advisor Model (SAM). SAM
inputs are the project location irradiance data, solar panel type,
spacing, tracking, and financing parameters[10]. For this project a
198kW system utilizing 640 SunPower SPR E-19-310-COM modules
were chosen. Outputs from the model including cost and annual
energy are used in the results of the framework.

3.6 Retrofit Design Development Tool
Framework

The Retrofit Design Development Tool is a response to the high-
level needs of retrofit project stakeholders as defined earlier in
this study. The goal is to provide an automated design tool where
key project data can be input and potential solutions and their

impacts can be provided as an output. The flow of design within
this framework is shown above.

Inputs to the model include the location, type of building, build-
ing size in square feet, number of occupants, service life, daylight
specification, and thermal comfort specification, and targeted ad-
ditional revenue (if applicable). If no daylight or thermal comfort
specification is provided, the default will be requirements per LEED
V4. Based on the project location, the tool will pull data on solar
irradiance from the NREL database, weather files from EnergyPlus,
and context geometry from CadMapper software or Google Maps.
Based on these inputs, the tool will next populate a set of design
requirements for the building as well as a representative BIM in
Revit. The BIM will be pulled from a library of common building
designs and tweaked to represent the design building. The goal
is that the project stakeholder is not required to provide the BIM.
Utilizing the existing BIM and design requirements, the system will
design and apply a series of retrofits to the building in the categories
listed above. The output from this process will be a retrofit BIM.
The system will next perform a heating and cooling load analysis
using Revit as well as a daylighting analysis using the Revit plugin
Insight. For more accurate results a simplified BIM can be imported
to Rhino and Daylight/Thermal simulations can be performed using
Grasshopper plug ins to determine daylight autonomy and updated
thermal loads. If retrofitting water fixtures, calculations for water
use shall be made using fixture design flow rates and the Revit
fixtures schedule. The outputs from this will be used to quantify
the differences in energy and water use between the retrofit and
baseline systems. Utilizing this data along with a database of utility
rate schedules, the tool will calculate the yearly energy and water
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savings as an input to the calculation of each retrofit NPV along
with any additional revenues specified by the stakeholder. Similarly,
Revit schedules for all demolished and retrofitted constructions will
be utilized as quantity inputs to the RS Means construction costs
database to calculate project capital expenditures.

The Retrofit BIM will also be used as input to the Tally add-in
in Revit to perform LCA calculations for the system. The energy
use differences between the Retrofit BIM and Baseline BIM will
also be input into Tally as a driver of the LCA impacts. These data
will be used to calculate the project Environmental Impacts. An
alternative tool for the framework not fully examined in this study
is OneClick LCA which allows import of a BIM from Revit for LCA
calculations.

Project location and size data will also be used to query databases
on available incentives for the project. If available, this data will be
provided as part of the project NPV calculation. The same informa-
tion will also be used to query databases for local consultants and
contractors to perform the retrofitting work. The Economic and
environmental impacts, as well as the consultant/contractor lists,
will be the output of the model in the form of a PDF report. Project
stakeholders can use this report to examine and compare potential
strategies and make informed decisions about which retrofits to
choose and their effectiveness. If Human Impacts are met there will
be a confirmation in the report.

3.7 Building Intelligence Model
Building Intelligence Models BIMs allow for rapid takeoffs of design
for building energy analysis, cost analysis, and LCA analysis of
the building. The main project input for lifecycle impact and cost
analysis is a simplified model in Autodesk Revit of the building
which can also be imported to Rhino for energy analysis. For the
case study project, a simplified model of the Parkside buildings
was made utilizing dimensions and photos taken onsite. Additional
models were made of each building retrofit to utilize for analysis of
each potential design.

4 RESULTS
The retrofit framework is run for each solution including the pro-
visioning of Air Conditioning, addition of a Solar Roof, Passive
Facade, and Replacement of Walls and Windows. Reasonable com-
binations of solutions a project stakeholder may be interested in
are also run through the framework and cumulative energy, cost,
and environmental impacts are calculated. The first combination
of solutions considered are the provision of Air Conditioning in
addition to the Solar Roof andWall Replacements. This would repre-
sent the “belt and suspenders” approach to improving the building
with the highest capital cost. The Air Conditioning retrofit is also
tested with each of the other solutions to see which combination
yields the lowest expenditure and environmental impact. The last
solution combination tested is the Solar Roof andWall Replacement
combined representing the best environmental performance.

For each solution, human impacts are assessed against the base-
line model. For the Air Conditioning solution, the baseline model
is analyzed in Revit’s Heating and Cooling Analysis to determine
cooling loads to design the system. The baseline model requires a
significant peak heating load of 1,046,538 BTU/hr and peak cooling

load of 3,838,145 BTU/hr to reach the desired setpoint tempera-
tures indicating the existing building is not sufficient to provide
comfort to occupants. It is assumed that the existing baseboard
heating system is sufficient to heat the building and no improve-
ments are required. For the Solar Roof solution, the analysis shows
this change has no effect on the building thermal envelope. This
is likely because the white finish concrete roof already has a high
resistance value but may be due to the calculation process in the
Revit tool. A higher fidelity simulation may be required to better
understand the effect of the solar roof on the thermal envelope but
it was not performed as part of this assessment. The replacement
of the walls and windows yields a 57% improvement in the peak
cooling load required for the building and a 24% improvement to the
peak heating load required to reach the setpoint temperatures. This
improvement may negate the need for Air Conditioning but for
the purposes of this analysis, it is assumed that the improvements
will reduce the size and yearly energy of the Air Conditioning so-
lution. The Passive Facade solution yields a 9% improvement to
the cooling load required for the building and Air Conditioning
is likely required along with this solution to meet human comfort
requirements. The facade solution also improves daylighting of the
building and the analysis shows approximately 30% of the rooms
can be lit utilizing daylighting on the lowest light day, yielding
reduction in lighting energy use for those solutions.

For all solutions, the energy use during the use phase is the driver
of the environmental impacts and NPV, due to the cost of electrical
energy and natural gas fuel. The provision of Air Conditioning
more than doubles the yearly electrical load while the introduction
of the Solar Roof represents a 40% reduction in electrical energy
demand for the existing condition. The annual energy output from
the Solar Roof project from SAM is 260116kWh. The Facade solution
represents a small decrease in electrical energy due to daylighting
and the wall and window replacement represents a significant
reduction of the heating load for the existing baseboard heaters.
The combination of thewall andwindow replacementwith the Solar
Roof and Air Conditioning yields a modest increase in energy use
when compared to the AC solution on its own. Looking at the Air
Conditioning combined solutions, the Air Conditioning combined
with the window and wall replacement yields the lowest electrical
energy use, more than theAir Conditioning combinedwith the Solar
Roof because the improvement to the building thermal performance
reduces the HVAC load requirements significantly. The Solar Roof
and Window and Wall replacements yield the lowest electrical and
natural gas energy requirements.

The financial results for each solution and solution combina-
tion are presented in table 1. We see that provisioning of an AC
unit yields a -$377k NPV for the 30-year life of the project due
to the increased electrical demand and capital expenditure not be-
ing offset by increased rent revenue. The provision of the Solar
Roof shows a positive NPV since the project offsets a significant
portion of the electrical energy use of the buildings and provides
substantial savings to the yearly operating expense. The Solar Roof,
Facade solution and Wall and Window Replacement solutions also
show operational savings due to reduced energy consumption. The
combination of the Wall and Window Replacement with the Air
Conditioning and Solar Roof has a nearly $1M NPV which a signif-
icant improvement compared to the Air Conditioning alone. This
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Table 1: Financial Assessment Results for Retrofits and Combinations

Solution CapEx Annual Opex Savings Annual Rent Increase NPV Simple Payback Period

AC $911,046 $($115,144) $139,800 ($377,366) 37
PV $374,147 $35,840 $0 $401,631 10.4

Facade $243,057 $7,403 $0 ($82,827) 32.8
Walls $1,019,249 $2,266 $69,900 $542,802 14.1

AC+Solar+Walls $1,784,235 ($11,272) $139,800 $997,799 13.9
AC+Facade $1,071,197 ($97,218) $139,800 ($149,497) 25.2
AC+Walls $1,410,088 ($47,112) $139,800 $596,168 15.2
AC+PV $1,285,193 ($79,304) $139,800 $24,265 21.2
PV+Walls $1,393,396 $38,106 $69,900 $944,433 12.9

Table 2: Environmental Impace Assessment Results for Retrofits and Combinations

Solution GWP (kg CO2 Equiv) AP (kg SO2 Equiv) EP (kg N Equiv) SFP (kg O3 Equiv) ODP (kg CFC-11eq) NRE (MJ)

Existing 1.56E+07 2.22E+04 1.37E+03 3.56E+05 7.95E-06 2.66E+08
AC 2.55E+07 4.38E+04 4.44E+03 6.06E+05 2.34E-02 4.32E+08
Solar 1.26E+07 1.81E+04 1.38E+03 2.78E+05 4.80E-06 2.13E+08
Façade 1.51E+07 2.11E+04 1.31E+03 3.44E+05 6.33E-03 2.56E+08
Walls 1.40E+07 2.19E+04 1.36E+03 3.32E+05 2.72E-03 2.38E+08

AC+Solar+Walls 1.54E+07 2.83E+04 3.72E+03 3.73E+05 2.61E-02 2.60E+08
AC + Façade 2.40E+07 4.10E+04 4.26E+03 5.73E+05 2.97E-02 4.08E+08
AC+ Walls 1.84E+07 3.24E+04 3.72E+03 4.51E+05 2.61E-02 3.12E+08
AC+ Solar 2.24E+07 3.97E+04 4.44E+03 5.28E+05 2.34E-02 3.80E+08
Solar+Walls 1.10E+07 1.79E+04 1.36E+03 2.55E+05 2.71E-03 1.86E+08

is due to a reduction in electrical energy and reduction capital
expenditure on the Air Conditioning solution due to decreased
cooling demand and a grid demand reduction with the Solar Roof.
Provisioning the Air Conditioning with the Solar Roof alone or the
Window and Wall Replacement Alone also yields a positive NPV.
The façade solution yields a small negative NPV as the solution
is the least costly but only yields a small decrease in operational
expenditure and no additional rental revenue. The combination of
the Rooftop Solar and Wall Replacement solutions has a NPV of
$944k as there is a significant decrease to operational expenditures
and small increase to rental revenue.

The highest Environmental Impact results in all categories are
yielded by the Air Conditioning solution alone. This is intuitive
since this solution has the highest energy use and utilizes refrig-
erants that contribute CFC and other chemical releases. When Air
Conditioning is combined with the Solar Roof and Wall and Win-
dow replacement, we see a decrease in Global Warming Potential
(GWP) from the baseline case of the existing building. When Air
Conditioning is combined with just one of the other solutions such
as Air Conditioning and Facade or Air Conditioning and Solar Roof,
there are significant increases to the environmental impacts over
the baseline case because the increased energy use not fully offset
by those green retrofit solutions. The most significant reduction
in GWP and other environmental impact metrics comes with the
provisioning of the Wall and Window replacement and the Rooftop
PV solutions. The Wall replacement has a GWP of 14M kg-CO2
equivalent versus 15.6M for the baseline case and 12.6 for the Solar

Roof Solution. The largest reduction of impacts from the baseline
case comes from the implementation of the Solar Roof and Wall
and Window Replacement with GWP of 11M kg-CO2 equivalent.

Table 2 presents the environmental impact results for each retro-
fit solution and combination studied. Each solution is within the
same order of magnitude for each category but there are significant
differences in impacts between various solutions. The results for
each solution vary along with the energy use for each solution as
energy use is the driver of the impacts.

5 ANALYSIS
For each retrofit option considered, the majority of impacts are from
the use phase. This is due to the high occupancy of the buildings and
long service life compared to relatively small mass of retrofits. Other
retrofit and construction LCA studies have a higher percentage of
the impacts are from the products and construction, most of those
projects involve larger structural or envelope changes. A sensitivity
analysis of service life would be useful to better understand at what
service life the construction phase will drive the result. Given the
low percentage product and construction phase impacts, between
1-5%, it is likely the case that the construction impacts are only
drivers when the service life is too short for the project to be viable.

Comparing the solutions provided, the NPV varies greatly among
the solutions, with the Solar Roof and combined solar roof solutions
generally providing the highest value and greatest GWP reduction.
We also see many of the projects involving the AC or Wall and
Window Replacements yielding a positive NPV because of the
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potential increased rental revenue. Table 3 provides a summary
of results for use in decision making including NPV and increase
or decrease in GWP from the existing building. GWP is chosen as
the driving impact for the retrofit analysis because it is the highest
order of magnitude of all the impacts and is the best-known proxy
for environmental performance.

In review of the options, the addition of Air Conditioningwithout
any other retrofit has the highest increase in GWP and largest loss
in NPV due to the large increase in energy use to provide added
comfort to residents. This solution alone is not recommended. The
Facade solution provides a small decrease in GWP due to decreases
in lighting energy and has a modest loss for NPV, but this solution
only provides a minimal improvement in thermal comfort.

Looking at the combined Air Conditioning Solutions, the best
choice is to provision Air Conditioning along with the Solar Roof
and Window and Wall replacement as this has the largest NPV
and is the only one to provide a modest decrease in GWP. If air
conditioning is required to meet thermal comfort requirements for
residents, this solution should be recommended to project stake-
holders. The project under construction, the replacement of the
Windows and Walls only, has $596k NPV and 10% decrease in GWP.
The provisioning of a Solar Roof along with the improvements to
the Windows and Walls also has a $944k NPV and yields a 29%
decrease in GWP. This indicates that the current project could pro-
vide better value and reduced environmental impact if combined
with other retrofits. The BIM based retrofit project decision making
could have been used at the onset of the project to improve the
value to the University.

6 CONCLUSION
This paper proposes a framework for rapid design development
for decision making for retrofit building projects. The framework
is tested utilizing a current retrofit project being undertaken on
an apartment building on the USC campus comparing the selected
design under construction to other design options to achieve the
project goal of improved environmental performance, comfort for
residents and value to stakeholders. The framework is not fully
automated but provides results useful to project decision making
and proves that such an automated tool would be of use to retrofit
project stakeholders. Regarding the ability to build this framework
into an automatable tool, some challenges exist. One challenge en-
countered is several of the tools and add-ons not being compatible
with Revit 2021. Ensuring continued software compatibility will be
a challenge for any automated tool utilizing a range of BIM analysis
software. Another challenge is the number of inputs required for
the various software including the SAM tool, OneClick LCA, Revit,
Rhino, and Tally that need to be set or retrieved from the BIM. SAM
also requires the user to input significant design data for the solar
system. Tally requires selection of material properties and takeoff
method for each material calculated in the LCA. If a tool is to be
automated, parameters for solar design and LCA should be stan-
dardized in the software to streamline the calculations. In addition,
it would be most efficient to develop a set of “canned” common so-
lutions that can be selected and automated for the project based on
project size and location. These solutions should target reduction
in HVAC and lighting and renewable energy use as these have the

Table 3: Decision Making Table for Retrofits

Solution NPV GWP % Inc./Dec.

AC ($377,366) 63%
Solar $401,631 -19%
Façade ($82,827) -4%
Walls $542,802 -10%

AC+Solar+Walls $997,799 -1%
AC + Façade ($149,497) 54%
AC+ Walls $596,168 18%
AC+ Solar $24,265 44%
Solar+Walls $944,433 -29%

most significant effects on GWP and NPV. Utilizing a database of
solutions with pre-configured parameters for each software add-in
similar to those used for this case study is the next step towards
building a BIM based project decision making tool for retrofitting
to break down barriers to retrofitting projects.

7 LIMITATIONS
The focus of this study is around a single retrofit project for multi-
unit housing on a university campus. While this is representative of
a developer or single investor owner multi-family housing unit, it
is specific to a single location and housing type. Further validation
of the process utilizing a variety of housing types and locations
within the US is likely required. In addition, a sensitivity analysis
should be performed to validate results and determine the greatest
impact areas to target retrofit.

In addition, this study manually performs the calculations and
designs shown in the design automation process. Further work
is required to automate the process through coding using python
or another scripting language to connect the various applications
used. One way to achieve this goal may be to implement this pro-
cess in the trax.gd software platform, which intends to build a
requirements-based design, construction, and operations monitor-
ing platform for buildings.

An additional limitation is that the daylighting and HVAC load
calculations for the building are rudimentary for the purposes of
demonstrating the workflow and would require additional work for
implementation on future projects. Lighting energy use is reduced
based on an estimate of rooms which have sufficient daylighting but
likely a more thorough analysis with occupant nighttime lighting
use is needed. Similarly, a thermal envelope workflow should be
developed utilizing Energyplus in Rhino as these tools are industry
standard.

This study also does not fully develop some of the required
databases for the design development tool. For example, the con-
sultant, contractor, and incentives databases have not been created.
Development of such databases is suggested to assist the project
stakeholders in project implementation but a process for finding
and vetting potential consultants must be established prior to imple-
mentation of these databases. This study did not find any thermal
comfort requirements for the building and assumptions are made
regarding the sufficiency of various solutions to meet the perceived
performance requirements of the building.
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One limitation of this automation process is the requirement to
start with a building model since many stakeholders may not have
BIM experience or may need outside consultants. Ideally a library
of typical building types can be generated to allow retrofit project
stakeholders to pick a suitable starting model based on the type of
building, size, and project location. This would involve building a
parameterized library of buildings based on typical constructions
or the use of rapid design tools like Spacemaker or TestFit.
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