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2Abstract of Thesis 
 
 

Evaluating the Performance of Heat Pump Systems for Residential Buildings at 
George Washington University 

   
 
Three historic residential buildings at George Washington University – 2109 F St, 

Strong Hall, and Guthridge Hall – were assessed for implementation of heat pump HVAC 

systems. This would reduce natural gas consumption and, subsequently, carbon dioxide 

(CO2) emissions, in line with the university’s sustainability goals. Based on industry 

experience, heat pumps are expected to reduce energy demand by 30-50% from a natural 

gas boiler, which currently is used by all three target buildings. Two heat pump 

configurations per building were selected for investigation: (1) a centralized air source 

heat pump and (2) either window-fitted heat pumps or a centralized Variable Refrigerant 

Flow heat pump, depending on the existing infrastructure in each building. Each building 

was modeled with the current HVAC configuration, the centralized air source heat pump, 

and the complementary heat pump system to determine if technology transition is viable 

for these buildings. Modeling results indicated that while thermal energy demand is 

reduced as expected, the increased fuel cost from natural gas to electricity is not offset by 

that reduction; transitioning to heat pumps increases operational cost by as much as 56% 

in each building. However, HVAC related scope 1 CO₂ emissions are eliminated in all 

three buildings when switching from burning natural gas to electricity. Scope 2 emissions 

from the Pepco Grid must still be considered. Varied scope 2 emissions reductions are 

observed in all three buildings with substantial reductions in Strong Hall and Guthridge 

Hall. 2109 F St. does not see significant reductions until GW’s Solar Purchasing 

Agreement with Duke Energy is considered, which supplies equivalently 50% of the 
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electricity used on GW’s campus. Introducing this electricity carbon offsetting factor 

yielded as much as a 63% decrease in CO₂ in Guthridge Hall. Ultimately, transitioning 

from traditional steam boiler systems to heat pumps will see a substantial reduction in 

CO₂ emissions, contributing positively to the university’s goal of decarbonization by 

2030. However, transitioning to heat pumps would result in operational cost increases 

that may not be financially feasible. 

  



v 
 

3Table of Contents 
 

 
Acknowledgments ............................................................................................................. ii 

Abstract of Thesis ............................................................................................................ iii 

Table of Contents .............................................................................................................. v 

List of Figures ................................................................................................................. viii 

List of Tables ..................................................................................................................... ix 

Chapter 1: Overview and Background ........................................................................... 1 

1.1 Background of DC and GW Sustainability Goals .............................................. 1 

1.2 Summary of Target Buildings ............................................................................. 4 

1.3 Summary of Baseline HVAC Technologies and Heat Pumps ............................. 5 

1.3.1 Natural Gas Fired Steam Boilers .................................................................... 6 

1.3.2 Window A/C Units .......................................................................................... 7 

1.3.3 Air-Cooled Chillers ......................................................................................... 8 

1.3.4 Heat Pumps ..................................................................................................... 9 

1.4 Comparison of Baseline HVAC Technologies and Centralized ASHP ............. 10 

1.5 Additional Technologies of Interest .................................................................. 12 

1.6 ComStock and ResStock – NREL’s Database of U.S. Housing Stock ............. 14 

Chapter 2: Methodology ................................................................................................. 17 

2.1 Building Energy Modeling – Approaches and Tools ........................................ 17 

2.1.1 EnergyPlus .................................................................................................... 20 

2.1.2 TRNSYS ....................................................................................................... 20 

2.1.3 MATLAB® - Simulink® and Simscape™ libraries ....................................... 21 

2.1.4 OpenModelica® - Modelica® Buildings Library ........................................... 21 

2.2 Thermal Modeling with OpenStudio, EnergyPlus, and SketchUp ................... 22 



vi 
 

2.3 Model Uncertainties .......................................................................................... 29 

2.3.1 Constructions ................................................................................................ 29 

2.3.2 HVAC System Configurations ...................................................................... 31 

2.3.3 Occupant Behavior........................................................................................ 32 

2.4 Validation Techniques ....................................................................................... 33 

2.5 Techno-Economic Metrics ................................................................................ 37 

2.6 Model Validation with ResStock ...................................................................... 40 

Chapter 3: Model Results ............................................................................................... 43 

3.1 Case 1: Baseline Technologies and Centralized ASHP Systems ...................... 43 

3.1.1 Comparison of Energy Consumption ............................................................ 43 

3.1.2 Comparison of Resource Use........................................................................ 47 

3.2 Case 2: Baseline Technologies and Complementary Heat Pump Systems ....... 48 

3.2.1 Comparison of Energy Consumption ............................................................ 49 

3.2.2 Comparison of Resource Use........................................................................ 50 

3.3 Comparison of Case 1 and Case 2 .................................................................... 51 

Chapter 4: Cost and Emissions Results ........................................................................ 55 

4.1 Operational Cost Difference and CO2 Emissions Profiles ................................ 55 

4.1.1 Case 1: Baseline Technologies and Centralized ASHP Systems .................. 57 

4.1.2 Case 2: Baseline Technologies and Complementary Heat Pump Systems ... 59 

4.2 Comparison of Case 1 and Case 2 – Economic Metrics ................................... 61 

4.3 Capital Cost Comparison of Baseline and Heat Pump Systems ....................... 62 

4.4 Implications of Cost and Emissions Profiles For GWU ................................... 64 

Chapter 5: Conclusions and Further Work .................................................................. 66 

References   ...................................................................................................................... 70 

Appendix A – GWU Facilities Data ............................................................................... 73 



vii 
 

Appendix B – Friedrich Specifications ......................................................................... 76 

 

  



viii 
 

4List of Figures 
 
 

Figure 1 EPA breakdown of scope 1, 2, and 3 emissions and how they are classified. ...... 3 

Figure 2 Map of GW’s campus where the target buildings are located. ............................. 5 

Figure 3 (a) Schematic of a fire-tube boiler. (b) Image of a commercial fire-tube boiler 
installation. .......................................................................................................................... 6 

Figure 4 (a) Schematic of a direct expansion (DX) air conditioning system (b) Image of a 
Friedrich Kühl window A/C unit installed inside of a residence. ....................................... 8 

Figure 5  (a) Schematic of an air-cooled chiller used for centralized cooling operations. 
(b) Image of an air-cooled chiller unit. ............................................................................... 9 

Figure 6 (a) Schematic of an air source heat pump cycle. (b) Image of two ducted air 
source heat pump units...................................................................................................... 10 

Figure 7 Conceptual rendering of the target buildings’ HVAC structure. ..........................11 

Figure 8 Friedrich Kühl window A/C and heat pump chassis. ......................................... 13 

Figure 9 Breakdown of site energy consumption for all commercial buildings in the U.S. 
building stock, categorized by buildings represented in ComStock compared to CBECS 
2012................................................................................................................................... 15 

Figure 10 Flow chart of methodological approach. .......................................................... 17 

Figure 11 Strong Hall geometric model in SketchUp. ...................................................... 24 

Figure 12 High level rendering of the modeled approach to the baseline HVAC systems in 
2109 F St. and Strong Hall. ............................................................................................... 26 

Figure 13 High-level rendering of the modeled approach to a centralized ASHP system 
considered in Case 1. ........................................................................................................ 27 

Figure 14 High-level diagram of a fully decentralized HVAC system comprising window 
fitted heat pumps. .............................................................................................................. 28 

Figure 15 These are the modified cooling, heating, and occupancy schedules. ............... 33 

Figure 16 Example of OpenStudio models summed annual and time series data outputs.
........................................................................................................................................... 45 

Figure B1 Friedrich Kühl window-fitted model specifications including A/C and heat 
pump configurations. ........................................................................................................ 76 

 



ix 
 

 

5List of Tables 
 
 

Table 1 Summary of the technologies and configurations to be modeled for each building 
in this study. ...................................................................................................................... 14 

Table 2 Summary of BEM tools and their ability to meet modeling requirements. ......... 19 

Table 3 Summary of target metrics, equations, units, and data required for evaluation. .. 39 

Table 4 ResStock Trends compared to Model Results for validation. ResStock Value A 
refers to the dataset with room A/C and B refers to the dataset with central A/C. ........... 41 

Table 5 Case 1: Comparison of heating and cooling energy consumption for each building 
in baseline and centralized ASHP System configurations. ............................................... 47 

Table 6 Case 1: Comparison of HVAC equipment related fuel consumption for each 
building in baseline and centralized ASHP system configurations. .................................. 48 

Table 7 Case 2: Comparison of heating and cooling energy demand for each building in 
baseline and complementary HP system configurations. .................................................. 50 

Table 8 Case 2: Comparison of HVAC equipment related fuel consumption for each 
building in baseline and centralized ASHP system configurations. .................................. 51 

Table 9 Comparative summary of Case 1 and Case 2 performance upgrades against 
baseline values for performance metrics. .......................................................................... 53 

Table 10 Average cost of natural gas and electricity in each simulation run. ................... 56 

Table 11 Operational Cost and CO₂ Emissions - Baseline and Centralized ASHP. .......... 59 

Table 12 Operational Cost and CO₂ Emissions - Baseline and Complementary HPS...... 60 

Table 13 Comparative summary of Case 1 and Case 2 performance upgrades against 
baseline values for performance metrics. .......................................................................... 61 

Table 14 Summary of estimated capital cost for each baseline and heat pump technology.
........................................................................................................................................... 63 

Table A1 Summary of technologies and relative natural gas consumption in target 
buildings [12]. ................................................................................................................... 73 

Table A2 Historic electricity and natural gas usage for target buildings from utility bills 
[12]. ................................................................................................................................... 74 

 



1 
 

1Chapter 1: Overview and Background 
 
 
Many of the George Washington University (GW) residential buildings are 

currently heated and cooled with a combination of centralized boilers, centralized 

chillers, and decentralized window air conditioner (A/C) units in each bedroom. Recently, 

heat pumps have emerged as promising combined heating and cooling systems due to 

minimal required maintenance and a fully electric profile. This study aims to evaluate the 

performance of heat pump systems in three GW residential buildings – 2109 F Street, 

Strong Hall, and Guthridge Hall – in comparison with each building’s current heating, 

ventilation, and air conditioning (HVAC) system. Switching to heat pumps would fully 

centralize the HVAC system and move from a combination of electricity and natural gas 

to only electricity. This has the potential to improve the emissions profile of each 

building, in line with GW sustainability goals, as well as decrease operational costs. 

1.1 Background of DC and GW Sustainability Goals 

The City of DC created the Building Energy Performance Standard (BEPS) 

Program as part of the Clean Energy DC Omnibus Act of 2018 [1]. This law was passed 

in support of the broader Sustainable DC 2.0 Plan which outlines many sustainability 

focused goals in the following 13 topics: governance, equity, built environment, climate, 

economy, education, energy, food, health, nature, transportation, waste, and water [2]. 

These broad topics necessitated a varied and holistic approach to achieving a more 

sustainable city, but most notably a goal to reduce all greenhouse gas emissions and 

energy consumption by 50% by 2032 [2]. Sustainability regulations that dictate building 

performance have been included in DC building codes for consistency, as such all 

upgrades made on GW’s campus are subject to sustainability focused regulation.    
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In 2008, GW signed the Presidents’ Climate Leadership Commitments, requiring 

the university to set a date for university carbon neutrality. They reaffirmed this 

commitment in 2012 by joining other DC-based institutions in signing the District of 

Columbia Mayor’s College and University Sustainability Pledge, and again in 2017 with 

a statement of commitment to the Paris Agreement on climate change. Through the 

creation of an Office of Sustainability and GW Board of Trustees Task Force on 

Environmental, Social and Governance (ESG) Responsibility, GW has committed to 

achieve 40% reduction of carbon emissions by 2025 and full carbon neutrality by 2030. 

As of 2023, the university has reduced 30% of greenhouse gas emissions from the 2008 

baseline, placing it on track to meet the interim decarbonization goal in 2025. Once this 

goal is met, the other 50% of university emissions must be eliminated in the next 5 years 

to achieve carbon neutrality by 2030. GW has approached decarbonization through many 

avenues including building operation optimization, electrification technologies, 

installation of high efficiency energy technologies, and most notably carbon offset 

through renewable power purchase agreements [3]. 

In 2014, American University, the George Washington University Hospital, and 

the George Washington University finalized the Capital Partners Solar Project with Duke 

Energy Renewables in North Carolina. This agreement stipulated that Duke Energy 

Renewable build a 52 MW capacity solar installation to generate equivalently 50% of 

GW’s on-campus electricity in 2014. This solar installation is connected to the 

Pennsylvania-New Jersey-Maryland (PJM) Interconnection Grid, which also contains the 

Pepco Grid, the electricity utility used by the university. By purchasing solar power 

within the same interconnected grid, the university’s emissions are offset by the 
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renewable resource, therefore reducing the overall emissions footprint of 

GW’s     campus [4]. 

This study will focus on reducing scope 1 and 2 emissions. Scope 1 emissions 

refer to any emissions generated directly at the site. In this study emissions generated by 

burning natural gas to fuel the boiler heating systems in each building are considered 

scope 1. Scope 2 emissions refer to emissions associated with utilities. Emissions 

generated by the Pepco grid are considered scope 2 [5]. Figure X is a visualization from 

the Environmental Protection Agency (EPA) that breaks down what is classified in each 

scope. 

 
Figure 1 EPA breakdown of scope 1, 2, and 3 emissions and how they are classified. 

Reprinted from [5]. 
 

The results of the individual building analysis will be compared to the results in 

the National Renewable Energy Laboratory's (NREL) ResStock database. This database 

provides individual and aggregate modeled data for a variety of representative buildings, 
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based on the National Commercial Reference Building Stock, in each climate zone for 

building energy consumption with and without electrification technologies. Analysis of 

these datasets will provide context for the GW specific results, but there will not be a 

direct comparison as ResStock does not include data on group living quarters, which 

includes dormitories [6]. This analysis will offer insight on the suitability of heat pump 

systems for GW based on site energy use intensity (EUI), utility cost, and CO₂ emissions. 

1.2 Summary of Target Buildings 

The buildings of interest: 2109 F St., Strong Hall, and Guthridge Hall, are all 

dormitories on GWUs campus. Figure 2 shows a map of the lower center of campus 

where all three buildings reside; they were constructed on the same block between 1926 

and 1936. They were all granted a historic designation in 2014 with Strong Hall being 

Category A, and 2109 F St. and Guthridge Hall being Category B [7]. Category A 

historical buildings are defined as “having high architectural, historical, or urban design 

quality” [7], resulting in more careful review and approval procedures for construction 

projects, with an emphasis on maintaining original materials and architectural features. 

Category B historical buildings are held to a lower standard in the review and approval 

process, as proposed changes are evaluated more generally for their impact on the 

specific building and compatibility with the broader streetscape. This leaves more room 

for internal upgrades than in Category A buildings but ultimately has the same goal of 

preserving the authenticity of the building. Preservation procedures add complexity to 

construction and retrofitting, with maintaining aesthetics and original materials a priority. 

These buildings have all been renovated regularly since their construction. There is not a 
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publicly available, detailed record of renovations that were made, but it is assumed that 

some upgrades have been made to improve the building envelope.  

These buildings are targeted for this analysis because their historical designation 

limits the scope of efficiency upgrades that can be done to the original structure, making 

energy efficient technologies attractive. It is just as necessary to preserve these buildings 

as it is to reduce their environmental footprint. In many ways, sustainability focused 

upgrades go together with the preservation effort in ensuring these buildings remain an 

active part of GWU’s campus for many years to come. 

 
Figure 2 Map of GW’s campus where the target buildings are located.  

All three buildings are located on the 21st St and F St block. The buildings are outlined in 
red. Reprinted from [8]. 

1.3 Summary of Baseline HVAC Technologies and Heat Pumps 

This section summarizes the thermodynamic operations of each HVAC 

technology being investigated in this study. 
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1.3.1 Natural Gas Fired Steam Boilers 

Steam boilers are popular centralized space heating technologies for their ability 

to supply large amounts of heat to entire buildings with relatively low piping footprints 

that don’t require pumps. A steam boiler consists of a burner, combustion chamber, and a 

heat exchanger. Fuel, in this case natural gas, is pumped in the combustion chamber 

where it is ignited by the burner, causing a combustion reaction that releases heat as a 

byproduct. As combustion is occurring, water, which is piped through coils within the 

boiler, absorbs the heat byproduct until it changes phase and becomes steam. The steam is 

then piped through the building on a steam loop and runs through heat exchangers, 

typically steam radiators or radiant baseboard heaters. The heat energy from the steam is 

exchanged with the cool air inside the room, thereby raising the air temperature and 

cooling the steam [9]. Natural gas boilers are attractive due to their ability to meet large 

demands, relatively efficient operation, cheap fuel source, and relatively low emissions 

fuel source. 

 
Figure 3 (a) Schematic of a fire-tube boiler. (b) Image of a commercial fire-tube boiler 

installation.  
Fire-tube boilers are a commercially standard boiler technology that can be used for both 
hot water and steam applications. This unit would most commonly be in the basement of 

the building it serves. Reprinted from [9]. 
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1.3.2 Window A/C Units 

Window A/C units are popular decentralized cooling technologies because of their 

low cost, simple and modular installation, and effective cooling capability in individual, 

small spaces. A window A/C unit draws in warm air from the inside, moves it to the 

outside, and then returns cooler, filtered air back to the inside. It does this via a 

thermodynamic cycle called a vapor-compression refrigeration cycle. A vapor-

compression refrigeration cycle comprises four main elements: an evaporator, a 

compressor, a condenser, and an expansion valve. Figure 4 shows a diagram of a 

refrigeration cycle being used in a space cooling application. The working fluid, in this 

case a refrigerant like R410A, moves through the evaporator where it draws in heat from 

the inside air and saturates from a liquid to a low temperature, low pressure vapor. The 

vapor then moves through a compressor, resulting in a high temperature, high pressure 

vapor. The high temperature vapor then goes through the condenser where the heat 

energy inside of the vapor is exchanged with outside air, resulting in a high temperature, 

high pressure liquid. This liquid then travels through the expansion valve where it 

becomes a low temperature, low pressure liquid. At this point, the refrigerant is able to go 

back through the evaporator and the cycle continues [9]. In a window A/C unit, all of 

these components are packaged into a single chassis and mounted through a window.  
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Figure 4 (a) Schematic of a direct expansion (DX) air conditioning system (b) Image of a 

Friedrich Kühl window A/C unit installed inside of a residence.  
A DX air conditioner is an industry term used for any air conditioner that achieves 

cooling with a vapor-compression cycle, including window A/C units. The chassis fits 
through the open window to allow for waste heat rejection into the atmosphere. (a) 

Reprinted from [9]. (b) Reprinted from [10]. 

1.3.3 Air-Cooled Chillers 

Air-cooled chillers are popular centralized cooling technologies because of their 

ability to efficiently and cost-effectively cool large spaces and buildings, making them 

well-suited to commercial and industrial applications. Like window A/C units, they also 

operate on a vapor-compression refrigeration cycle to extract and dissipate heat for space 

cooling. Rather than exchanging heat between the inside and outside of a window, a 

chiller system operates on a chilled water loop, which circulates chilled water from the 

evaporator to air-handling units or fan coil units around the building. Once inside of the 

fan coil units, heat from the air will be absorbed by the chilled water as it circulates 

through the loop. The warm water returns to the chiller where it is run through the 

evaporator and exchanges its heat with the refrigerant; thereby chilling the water to 

continue its cycle, which then circulates through the vapor-compression cycle within the 

chiller to reject the heat back into the atmosphere [9]. Figure 5 shows a diagram of an air-

cooled chiller on a chilled water loop. 
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Figure 5  (a) Schematic of an air-cooled chiller used for centralized cooling operations. 

(b) Image of an air-cooled chiller unit. 
 This technology must be installed outside, typically on the roof, to allow for waste heat 

rejection into the atmosphere. Reprinted from [9]. 

1.3.4 Heat Pumps 

Heat pumps have begun to emerge as popular HVAC technologies due to their 

high efficiency and ability to provide heating and cooling. They achieve this by running 

on a flow reversible vapor-compression cycle. In a reverse flow vapor compression cycle 

the working fluid flows in the opposite direction, thereby moving heat into a space rather 

than out of it. In addition to the traditional components, heat pumps will also contain a 

reversing valve which allows the user to switch between operational modes, typically on 

a seasonal basis [9]. Figure 6 shows a diagram of a heat pump system with a flow 

reversing valve. Flow reversible vapor-compression cycles are more efficient because 

they transfer heat to where it is needed, rather than generating it by burning fuel like a 

boiler. Because of their thermal efficiency, low maintenance, and electric profile, heat 

pumps are being implemented in large- and small-scale applications to replace traditional 
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heating technologies, resulting in lower thermal energy demand and emissions. Because 

heat pumps use the same cooling cycle as chillers and window A/C units, they are 

expected to perform similarly in cooling applications. In some cases, traditional cooling 

technologies will perform more efficiently than heat pumps because their flow cycle is 

optimized for cooling, whereas the heat pump cycle must balance optimization of heating 

and cooling operations.  

There are three primary types of heat pump: air-source, which extracts thermal 

energy from the air; water source, which extracts thermal energy from the body of water; 

and geothermal, which extracts thermal energy from the earth. Based on the background 

of the target buildings and their location, air source heat pumps were identified as the 

most suitable and therefore selected for analysis.  

 
Figure 6 (a) Schematic of an air source heat pump cycle. (b) Image of two ducted air 

source heat pump units.  
The thermal flow indicates the system is operating in heating configuration. These units 

must be installed outside to allow for waste heat rejection into the atmosphere. (a) 
Reprinted from [9]. (b) Reprinted from [11]. 

1.4 Comparison of Baseline HVAC Technologies and Centralized ASHP 

The existing HVAC systems rely on natural gas for heating, and electricity for 

cooling. Based on historical fuel use data, found in Appendix A, for each of the dorm 
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buildings, steam boilers account for 70-80% of the natural gas consumption in each 

building [12]; therefore, the primary analysis lies in transitioning the heating fuel source. 

The cooling systems in 2109 F Street and Strong Hall are currently decentralized with 

window A/C units in each room. Guthridge Hall utilizes a fully centralized cooling 

system with a cooling tower; therefore, the analysis will focus more on fuel change rather 

than configuration change. The HVAC configurations described for each building are 

visualized in Figure 7. Each building’s HVAC systems operate seasonally, in either 

heating mode or cooling mode, with the heating season from mid-October to mid-April 

and the cooling season from mid-April to mid-October. A manual changeover from 

heating to cooling, and back, takes place twice a year in April, then October. 

 
Figure 7 Conceptual rendering of the target buildings’ HVAC structure. 

A centralized air-source heat pump (ASHP) system has been identified as the 

target technology for primary analysis. Heat pumps move heat from one space to another, 

which is a more efficient process than that used by boiler systems, which require burning 

fuel for heat generation. This analysis will provide a general understanding of how an 
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unoptimized heat pump system might compare to the baseline systems. Centralized 

ASHP systems would require extensive retrofitting in 2109 F St. and Strong Hall, which 

might prove difficult with their historic designations. A secondary analysis with 

infrastructure conscious technology selection will be performed to identify attractive 

pathways to electrification. 

1.5 Additional Technologies of Interest 

The historical nature of the target buildings plays a substantial role in determining the 

viability of any proposed system. If a heat pump configuration improves the energy use 

profile but would require major overhauling of the existing building infrastructure, it 

would likely not be approved by the city of D.C. and therefore, would not be a viable 

system. Ultimately, determining the installation impact of any HVAC system is at the 

discretion of the GW Office of Facilities Planning, Construction, and Management 

(FPCM), and not included in the scope of this project. 

In addition to centralized ASHPs, technologies of interest were identified as being 

synergistic with each existing building’s infrastructure and were modeled for analysis. 

2109 F St. and Strong Hall both have a central steam boiler connected to steam radiators 

and Friedrich window air conditioners. The lack of existing ducting points to a need for a 

ductless heat pump configuration. Friedrich sells window-fitted heat pump models of 

their window air conditioners in the same chassis, which are acceptable within historic 

designation design guidelines, making them an attractive retrofit option. Friedrich Kühl 

window A/C and heat pump chassis are shown in Figure 8, and the spec sheet for all 

relevant models can be found in Appendix B. 
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Figure 8 Friedrich Kühl window A/C and heat pump chassis.  

For each chassis, there are window A/C models and heat pumps available in a range of 
capacities using either R410A or R-32 refrigerant. Reprinted from [10]. 

 
Guthridge Hall currently has a central boiler and chiller system connected to fan 

coil units in each room. As the HVAC system is completely centralized, a VRF system 

with a DOAS (dedicated outside air system) was targeted for analysis. The VRF system is 

not only an efficient central heat pump, capable of heating and cooling different zones at 

the same time. This would eliminate the need for a manual switch between heating and 

cooling modes twice a year. Heat recovery is another attractive element of VRF systems, 

which redirects waste heat from cooling zones to supplement zones that are being heated. 

The technologies and configurations that will be modeled for each building are 

summarized in Table 1. 
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Table 1 Summary of the technologies and configurations to be modeled for each building 
in this study. 

 
2109 F St. Strong Hall Guthridge Hall 

Baseline Natural Gas Boiler 

Window A/C Units 

Natural Gas Boiler 

Window A/C Units 

Natural Gas Boiler 

Electric Chiller 

Case 1 Centralized ASHP Centralized ASHP Centralized ASHP 

Case 2 Window Fitted Heat 

Pumps 

Window Fitted Heat 

Pumps 

VRF system with 

DOAS 

 

1.6 ComStock and ResStock – NREL’s Database of U.S. Housing Stock 

The DOE commercial reference building models of the national building stock, 

which represent a standard reference building in each climate zone for each of the 

building types listed in Figure 9, have previously been used for resource management and 

electrification planning, but they are limited in that capacity. These models were not 

accurate for large scale electrification planning, as there was only one representative 

building for each building type, which did not accurately reflect diversity of building 

sizes, orientations, activity levels, construction materials and so forth. For example, if 

four small offices are modeled, it will not be representative of four unique buildings in 

that climate zone, but rather four identical buildings. This creates spikes in resulting 

energy consumption that would not exist in practice. This necessitated a database that 

accounted for diversity within building types, which is the premise of NREL’s ComStock 

and ResStock. Each of these databases was developed by aggregating data from 10,000s 

of models representing different constructions, orientations, activity schedules, energy 
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system types, fuel types etc. to create building load profiles that accurately represent each 

climate zone within the United States. This allows for accurate electrification planning 

and resource management without requiring large numbers of individual building models 

to be run, which is computationally expensive and time consuming. 

 

Figure 9 Breakdown of site energy consumption for all commercial buildings in the U.S. 
building stock, categorized by buildings represented in ComStock compared to CBECS 

2012.  
Reprinted from [6]. 

 
ComStock covers commercial buildings, including academic buildings, while 

ResStock was created for residential buildings. Dorms are residential and align more with 

an apartment building rather than an academic building, particularly on GW’s campus as 

2109 F St. and Guthridge Hall were previously apartment buildings before being acquired 

by GW. ResStock covers attached and detached single family homes, multi-family units 

of less than five units, and more than 5 units. Because ResStock does not explicitly 

include dorms, this study cannot be done exclusively with ResStock data and individual 
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models of each building are necessary. However, due to their similarity, ResStock data on 

multi-family buildings with more than 5 units was targeted as a framework to validate 

model results of the target buildings.  

Each release of ResStock and ComStock include upgrades wherein energy saving 

measures are applied to each of the modeled buildings for comparison to their baseline 

case. For example, Upgrade 3 in the 2022.1 ResStock release replaces the baseline HVAC 

equipment with a minimum efficiency heat pump and electric backup for each of the 

represented buildings. The results are aggregated with each building model having a 

statistical weight based on the proportion of actual buildings it represents in the 

geographical region being assessed. 
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2Chapter 2: Methodology 
 
 
This chapter details the methodology used to determine the viability of heat 

pumps for the three target buildings. This includes literature reviews of building energy 

modeling approaches and metrics to evaluate energy savings, in addition to discussion of 

model structures, parameters, uncertainties, and validation techniques. Figure 10 

illustrates the methodological approach used to assess operational and cost performance 

of each heat pump for comparison with the baseline HVAC systems. 

 
Figure 10 Flow chart of methodological approach. 

2.1 Building Energy Modeling – Approaches and Tools 

Building energy modeling (BEM) is widely used in industry and academia as an 

avenue to understand and predict how buildings will operate under specific conditions 

and in response to change. The two primary approaches to building energy modeling are 

top-down and bottom-up. Top-down modeling describes a statistical and analytical 

approach that relies on existing energy data from each building. Bottom-up modeling 

utilizes both physics-based models and data to predict building operation and is therefore 



18 
 

more reliable for predicting building performance with theoretical energy systems [13]. 

As such, a bottom-up approach was considered most appropriate for this study, and only 

tools that could perform physics-based modeling were considered. 

There are hundreds of tools for bottom-up BEM, therefore multiple factors had to 

be considered when selecting the most appropriate one for this study. As individual 

models would have to be done for each building, it was only necessary to be able to 

model a single building at a time. This simplified software capability requires no large 

scale, multi-building interaction or interfacing would have to be done. The ability to input 

specific custom geometry into a physics engine was a critical requirement of the project 

scope. The parameters of this study required multiple considerations, such as availability 

of relevant HVAC equipment, ability to interface with computer aided design (CAD) 

models, and computational weight to name a few. Table 2 summarizes the primary tools 

that were considered for this study and compares their features and performance. 
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Table 2 Summary of BEM tools and their ability to meet modeling requirements. 
Attribute Building Energy Modeling Tools 

 
OpenStudio & 

EnergyPlus 
[15] 

TRNSYS 
[13][14] 

MATLAB® - 
Simulink® and 

Simscape™ libraries 
[16] 

OpenModelica® - 
Modelica® 

Buildings Library 
[17][18] 

Developer NREL University of 
Wisconsin 

MathWorks LBNL 

Open source? Yes No, but some 
plug-ins are 

No, but some libraries 
are 

Yes 

Boiler model 
available 

Yes Yes Not readily, can be 
constructed 

Yes 

Chiller model 
available 

Yes Yes Not readily, can be 
constructed 

Yes 

Window A/C 
model available 

Yes Yes Not readily, can be 
constructed 

Basic thermal 
templates 

ASHP model 
available 

Yes Yes Not readily, can be 
constructed 

Yes 

Window fitted HP 
model available 

Yes Yes Not readily, can be 
constructed 

Yes 

Construction 
libraries available 

Yes Yes No Yes 

Compatible 
geometry files? 

gbXML, IFC, 
IDF, SketchUP 

plug-in 

IDF, SketchUp 
with plug-in 

STL, Autodesk, 
Inventor, SolidWorks, 

DWF, STL primarily 
for visualization 

Computation 
Speed* 

5 sec 23 sec 68 sec 39 sec 

Graphical User 
Interface 

Yes Yes Yes Yes 

Resources / 
community 
support for 

BEM? 

Yes Yes Fewer, comparatively Yes 

* Speed test was performed in each software with a reference office building modeled in 
identical conditions [20]. 
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2.1.1 EnergyPlus 

The National Renewable Energy Laboratory (NREL) developed EnergyPlus as an 

open source, whole building energy simulation program. It is a physics-based command 

line application designed to model energy consumption and water usage. NREL 

developed complementary software, OpenStudio, to facilitate the use of 3-dimensional 

(3D) CAD models in SketchUP for ease of editing geometry. It later morphed into a 

cross-platform GUI interface between SketchUp, EnergyPlus, and other software tools to 

facilitate whole building energy modeling. EnergyPlus remains the physics engine, but 

OpenStudio allows for highly specific model creation in a streamlined visual platform 

[14]. OpenStudio and EnergyPlus’ comprehensive collection of libraries and templates 

allow users to develop specific and representative building energy models, for low 

computational costs. OpenStudio and EnergyPlus represent a comprehensive yet 

accessible approach to building energy modeling not represented in the other software. It 

is also the building energy modeling framework used to generate the ResStock datasets, 

which will be used as a comparative validation tool. 

2.1.2 TRNSYS 

TRANSYS was developed at the University of Wisconsin to simulate transient 

systems. It is a proprietary, graphically based software. TRANSYS is broader than 

EnergyPlus, allowing any transient system to be modeled, not just buildings. There exist 

vast libraries of compiled information specifically for building energy modeling, and a 

SketchUp plugin for custom geometry. TRANSYS performed the second fastest 

computation of the software considered. This software is highly regarded as a building 

energy modeling tool; however, the flexibility of the platform presents a much steeper 
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learning curve than a software like EnergyPlus, which is designed for a very specific 

purpose and provides a structured framework for use [15] [16]. 

2.1.3 MATLAB® - Simulink® and Simscape™ libraries 

MATLAB is a proprietary programming and modeling software developed by 

MathWorks. Within MATLAB, the Simulink and Simscape libraries contain templates 

and components to model HVAC equipment, building energy control systems, and much 

more. MATLAB does not contain pre-built models or templates of the target investigated 

technologies, meaning they would have to be manually assembled from their components 

and connected. As this software is not explicitly designed for building energy modeling, 

manual definitions and from scratch constructions would be required for each of the 9 

simulations. Additionally, it reported the longest computation time. There exists some 

capability to import custom CAD models for analysis, but it is not as seamless as 

OpenStudio or TRNSYS [17]. Ultimately, MATLAB Simulink and Simscape libraries 

seem more appropriate for small scale thermodynamic analysis or large-scale energy 

management and control simulations. 

2.1.4 OpenModelica® - Modelica® Buildings Library 

OpenModelica is an open-source simulation environment based on Modelica 

programming [21]. The OpenModelica framework is compatible with Modelica libraries, 

the most relevant to this project is the Modelica Buildings Library developed by 

Lawrence Berkeley National Laboratory. It contains comprehensive templates and 

libraries required for building energy modeling, such as HVAC equipment templates, and 

control systems. OpenModelica also has a very limited relationship with CAD models. 

STL and DXF files can be imported into the environment, generally for visualizations as 



22 
 

the framework is not equipped to perform in depth simulations on physical CAD features. 

As such, this framework utilizes a spawn of EnergyPlus to simulate building envelope 

requirements while Modelica handles the control logic, yielding a simulation strategy that 

is optimized with the respective strengths of each tool [22]. Naturally, it reported slower 

computation time than EnergyPlus. 

2.2 Thermal Modeling with OpenStudio, EnergyPlus, and SketchUp 

OpenStudio is an open source, integrated GUI that interfaces SketchUP, a popular 

architectural CAD software, and EnergyPlus, an industry standard physics model for 

building energy simulation. The geometry for each building was modeled in SketchUp 

with the OpenStudio plugin for streamlined modeling. Spaces were generated from a 

floorplan of the first residential floor, which is the dominant floor layout in each building, 

and copied for every floor in the building. The geometric simplification of making all 

floors identical within each building was necessary to achieve reasonable computation 

time and reduce potential physics engine errors that could arise from overly complex 

geometry. While this means the modeled geometry is not a perfect match to the real 

buildings, only non-residential floors have inaccurate geometry, which only accounts for 

1-2 floors per building. These variations are negligible in the overall results.  

When these spaces are generated, SketchUP and OpenStudio view them as a 

collection of independent, unrelated spaces that must be connected to each other through 

a process called intersecting and surface matching. This process involved inspecting each 

surface in each space and defining its boundary conditions. For example, a wall that is 

shared between two dorm rooms would be modeled as two internal walls that have an 

adiabatic relationship with each other, whereas a wall that is outdoor facing would be 
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defined as an external wall with wind and sun exposure. This process is crucial for 

thermal modeling to ensure proper thermal balance calculations, not only by defining the 

relationships between surfaces, but also defining whether a space is internal or external. 

That designation will be used to automatically assign appropriate material construction 

when a construction set template is added to the model. For example, an external door 

which is exposed to the elements would have different material composition and thermal 

properties than an internal door leading from a dorm room to a corridor.        

 OpenStudio includes a library of templates where the user can select building 

type, construction standard, and the geographic climate zone in which the building is 

located. The basic building template used in this study was of a DOE referenced pre-1980 

construction mid-rise apartment building located in ASHRAE Climate Zone 4a, where 

Washington, DC is located [23]. This template automatically assigns materials and 

thermal properties for each surface type (internal wall, external wall, internal door etc.) 

that would be typical for that kind of building in Climate Zone 4a, for accurate thermal 

balance computation. It also assigns a set of schedules to each space that describe daily 

occupancy, activity levels, occupant clothing, lighting, and other factors that impact 

energy usage. The use of templates streamlines the modeling process, particularly when 

modeling similar buildings, or when there is uncertainty in building features that are 

necessary for accurate simulations, like construction materials. Any building data that 

was publicly available, or shared by FPCM, will be specified in its model, and the rest 

will be filled in with the building template described above.       

The basic geometry models include interfaced OpenStudio spaces with the 

following: basic windows and doors, a space type designation with associated schedule 
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sets for occupant and equipment activity, assigned thermal zones, construction sets from 

the DOE Pre-1980 mid-rise apartment designated in Climate Zone 4a template and the 

appropriate boundary conditions, as described above, assigned to all surfaces. For ease of 

construction and computational simplicity, windows were automatically added by 

defining a window-to-wall ratio of 0.1, which was calculated from the average window 

and wall size for each building, determined from building floor plans. Figure 11 shows 

the basic geometric model of Strong Hall. 

 
Figure 11 Strong Hall geometric model in SketchUp.  

Both views are rendered in boundary condition mode where a blue surface color denotes 

outdoors exposure and green surface color denotes internal surfaces with adiabatic 

relationships. The solid view (left) shows the external conditions of the building while the 

transparent view (right) shows the internal spaces. 

A year-long simulation with an hourly time step was run for each building with its 

baseline technology, a centralized air-source heat pump (ASHP), and a heat pump system 

that is complementary to each building’s infrastructure, resulting in nine total datasets. 

Weather files for DC, which include design days, were loaded in OpenStudio to generate 

accurate thermal loads in each zone. The dorm room thermostats are set to 75℉ for 

cooling and 70℉ for heating. The common spaces and hallways have a slightly larger 
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temperature range from 70℉ to 80℉. The buildings are scheduled to switch from heating 

to cooling in mid-April and back to heating in mid-October, based on information from 

GW facilities. The switch from heating to cooling and vice versa often results in a spike 

of unmet load hours for 1-2 weeks until the weather stabilizes with the season.  

To avoid overestimating the load, all equipment will have availability schedules 

confining their operation to the dates they are used. Additionally, the cooling thermostat 

is set to 104℉ in the winter months and the heating thermostat is set to 32℉ in the 

summer months to avoid off-season thermal demands being reported as unmet hours. For 

example, any cooling loads that exist during the winter season, where only heating 

technologies are available, will not be counted towards the number of unmet cooling 

hours in the model results. Those off-season unmet load hours do exist in these buildings, 

due to the seasonal nature of the baseline HVAC systems, but in this analysis unmet hours 

should be used to indicate errors in modeling parameters such as improper equipment 

sizing, thermal loop setpoint management, and geometric incongruencies. This method 

also guarantees that EnergyPlus will not model spaces being heated and cooled 

simultaneously, resulting in overestimated energy consumption as that operational mode 

would not be possible in the actual buildings.     

Steam boiler and window A/C models are not included in OpenStudio and must 

be approximated by editing other equipment models. There is no option to directly model 

a steam boiler. This can be circumvented by implementing a hot water boiler and setting 

the output temperature to 212℉, which will produce results that very closely resemble 

steam. Window A/C units can be modeled as a Packaged Terminal Air Conditioner 

(PTAC) with the heating coil disabled. Setting the thermal zones in each room is 
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necessary for proper load calculation and thermal demand. Guthridge Hall is served by a 

boiler and chiller system and fan coil units; those technologies are readily available in 

OpenStudio and will be incorporated in a standard configuration. The diagram in Figure 

12 shows a high-level rendering of the baseline HVAC system that informs the thermal 

model structure, emphasizing the integration of centralized and decentralized 

technologies. 

 
Figure 12 High level rendering of the modeled approach to the baseline HVAC systems in 

2109 F St. and Strong Hall.  
The centralized natural gas boiler utilizes a steam loop to deliver heating to each dorm 
room in the winter months and a collection of decentralized window A/C units provide 

cooling to each dorm room in the summer months. Dorm rooms are referred to as thermal 
zones, as that is how they were modeled. 

 
For Case 1, a packaged rooftop heat pump was modeled to represent the 

centralized ASHP. This is typically modeled as single zone equipment but was modeled 

as multi-zone equipment to estimate each building’s performance with a fully centralized 

ASHP. Because they are single zone systems, the setpoint controls are not as 

sophisticated as a multi-zone, and a single thermal zone was identified in each building 
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for thermostat controls. The control zone was selected as the space representative of the 

most spaces in the building. This technique generated uncertainty in the results and some 

zones had unmet hours, particularly during periods of substantial temperature fluctuation 

like season changes. This system was manually switched between heating and cooling 

modes but could be optimized with scheduling and controls to substantially improve 

building energy intensity. Figure 13 shows a high-level rendering of the Case 1 

configuration with a centralized ASHP system. 

 
Figure 13 High-level rendering of the modeled approach to a centralized ASHP system 

considered in Case 1.  
This represents a fully centralized approach to address thermal loads. 

For Case 2, window-fitted heat pumps were modeled with OpenStudio’s 

Packaged Terminal Heat Pump (PTHP) in each thermal zone. This pre-modeled 

equipment is similar to the PTAC unit used in the baseline models but is flow reversible 

and able to provide heating without an electric heating coil. The VRF and DOAS system 

was also created using models built into OpenStudio. One VRF and DOAS system was 

assigned to each floor of the building, with a VRF terminal in each room. These systems 
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are not only well suited to their respective buildings’ configuration, but they are also 

capable of providing heating and cooling on demand throughout the whole year and do 

not require a manual changeover. As such, every piece of equipment was available 

throughout the whole year and responsible for maintaining each zone to its designated 

temperature range described previously. This means the equipment took on more load 

than the other two systems and was liable to have greater energy demand than the 

ASHP’s. The VRF system followed the thermal model structure highlighted in Case 2, 

illustrated in Figure 13. Figure 14 shows a high-level diagram of the thermal model 

structure approached for Case 2, focusing on the window-fitted heat pumps as a fully 

decentralized system had not yet been evaluated in the study. 

 
Figure 14 High-level diagram of a fully decentralized HVAC system comprising window 

fitted heat pumps.  
This represents a fully decentralized approach to addressing thermal loads. 

 
All technologies were modeled with a cooling COP of 3 and heating COP of 5. 

This is industry standard and will create a consistent framework for comparison. Any 
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HVAC equipment that had been specified by GW facilities was modeled with its rated 

capacity while any equipment that was not specified was autosized by OpenStudio. 

2.3 Model Uncertainties 

This section discusses uncertainties within the models, why those uncertainties 

are significant, and how they were addressed. 

2.3.1 Constructions 

The explicit constructions of each building were not known and had to be 

estimated based on public information of each building’s history. 2109 F St. was built in 

1935, Guthridge Hall was built in 1926, and Strong Hall was built in 1936. Each of these 

buildings has been renovated regularly, but specific information on the renovation history 

of each building is not publicly available. Additionally, Strong Hall is a Category A 

historical building and Guthridge Hall, and 2109 F St. are Category B historical buildings 

[7]. These designations suggest each building has maintained most of its original 

construction. As such, model constructions were defined using the OpenStudio 

construction template based on the DOE Pre 1980 reference for a mid-rise apartment 

building in Climate Zone 4A. Most of the constructions defined in the OpenStudio 

templates are based upon data from the U.S. Energy Information Administration’s 

Commercial Buildings Energy Consumption Survey (CBECS), which is a national 

sample survey that serves to collect data on the existing U.S. building stock [24]. This 

makes it a reliable source for material construction assumptions, as it is based on real 

building datasets. The key features, ordered by thermal importance, of the construction 

template are as follows: 
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• Exterior surface constructions describe walls, floors, and ceilings that have 

outdoors exposure. The primary materials used in these constructions are wood, 

steel frame insulations, gypsum, concrete, carpet, and metal decking. The layering 

of these materials for their respective uses are designed to weather the elements 

and insulate the structure from thermal effects. 

• Exterior subsurface constructions refer to fixed and operable windows, and doors 

that are exposed to the outside. The primary materials used in these constructions 

are glass, metal, and insulation. Each of these materials is more thermally robust 

than what would be used inside the building.  

• Ground contact surface constructions describe walls, floors and ceilings that are 

exposed to the ground outside. For example, these constructions would be used 

for basement levels where some or all of a space’s surfaces are underground. The 

primary materials used in these constructions are concrete and carpet. These are 

very standard materials for ground exposure due to concrete’s structural integrity 

and resistance to water leakage.  

• Interior surface constructions describe walls, floors, and ceilings that do not have 

outdoors exposure. The primary materials used in these constructions are gypsum, 

tile, and lightweight concrete. These materials are common for indoor use as they 

are fire resistant, mold and mildew resistant, and sound dampening. 

• Interior subsurface constructions refer to fixed and operable windows, and doors 

that are not exposed to the outdoors. The primary materials used in these 

constructions are clear glass and wood.         
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Because these buildings have been renovated since their initial construction, there 

are likely building envelope improvements that have been made, which are not accounted 

for in the model, but that will not negatively impact the results of this analysis. As the 

oldest standard has been selected to define the constructions, each model represents a 

“worst case scenario” of building thermal efficiency. Therefore, if any upgrades have 

been made to the actual buildings, practical implementation of the technologies 

investigated here may yield more desirable results, with increased energy savings from 

what these models report. 

2.3.2 HVAC System Configurations 

GW Facilities provided the sizing of natural gas equipment in each building, but 

there was no specific information on the cooling equipment. For Strong Hall, Friedrich 

window A/C unit models were identified through in-person observation of the buildings 

and virtual dorm tours, which include photos of the insides of dorm rooms. The Friedrich 

logo was visible on the units from the outside of the building and the model was 

identified as either the Kühl S or M. This conclusion was approached by comparing the 

control interfaces and approximate dimensions of the units shown in the virtual dorm tour 

and the units available on the Friedrich website. The S chassis is 2 in shorter than the M 

chassis and is available in 8000-15,700 BTU capacities, while the M chassis is available 

in 13,600-21,500 BTU capacities [25]. Unit capacity was approximated with cooling 

factors recommended by the Friedrich Kühl product line and average room size, resulting 

in 10,000 BTU units in each room as a conservative estimate. Therefore, it is assumed 

that Friedrich Kühl Model S units are installed in each dorm room. A virtual tour for 

2109 F St. displays an older Frigidaire unit, but the units currently fixed in the building 
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are Friedrich, therefore the virtual tour is likely outdated, and it is assumed that the 

current units are the same as in Strong Hall.  

The chiller in Guthridge Hall was autosized by OpenStudio based on the 

calculated demand. While there is no chiller data to validate the autosized equipment 

against, an initial model run included an autosized boiler and the OpenStudio estimate 

was suitably close to the actual boiler capacity, indicating that the chiller is likely 

appropriately sized. The GW data also did not indicate a percentage of electricity usage 

that was attributed to cooling, so those values were not able to be directly validated 

against the GW data. This will likely not affect the results substantially, as the transition 

from the existing cooling technologies to a heat pump should not yield much energy 

difference, heating is the primary focus of this analysis. 

2.3.3 Occupant Behavior 

Approximating human behavior in these models is difficult. There are no existing 

templates or databases that cover dormitories or other group living situations. To 

approximate dorm activity, schedule set and load profiles associated with mid-rise 

apartments were altered to account for higher occupant density than what is typical; 

calculated by dividing the average number of students assigned to a room and the average 

area of each room. The mid-rise apartment template defined occupant density as 

0.002630 people/ft2, manual calculation yielded 0.00700 people/ft2. 

Occupancy was also scheduled to reduce by 50% during the summer, as GW does 

offer summer housing, but advertises mostly single person dorms. Figure 15 shows the 

manually altered schedule components that would more accurately simulate a dorm 

environment. These buildings might be far less occupied in the summer, so this is a 
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conservative assumption. Additionally, common energy intensive behaviors, such as 

leaving doors and windows open or setting thermostats outside of the range within the 

model, are not considered. This may lead to underestimation of actual loads, but that will 

be apparent when the results are validated against GW utility data. 

 

Figure 15 These are the modified cooling, heating, and occupancy schedules.  
They were edited from their original templates to more accurately reflect HVAC 

equipment availability and 50% occupancy in the summer. 

2.4 Validation Techniques 

The most accurate way to validate a building energy model is to compare 

modeled results to actual performance data for each building. This method requires 

extensive metering of each building to create an accurate profile, which is costly, and in 

GW’s case, not available. There is available data on GW natural gas powered equipment, 

as well as cost, usage, and emissions data for the targeted technologies which were used 

as an initial validation tool. Information was not available for cooling, and the ResStock 

database of baseline buildings was used to estimate cooling loads relative to heating loads 

for comparison.  

The adjustments necessary for the model as well as the lack of data to validate the 

heat pump model require additional validation techniques. Evaluating building energy 

intensity is a method of validation that does not rely on metered building data. In a list of 
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median EUI values in the United States, categorized by building type, EnergyStar reports 

the median EUI for a residence hall or dormitory is 57.9 kBTU/ft2 [26]. A lower EUI 

indicates a more energy efficient building, which is not generally the case for historic 

buildings. As such, the baseline models will be accepted if they have an EUI between 55 

kBTU/ft2 and 100 kBTU/ft2. When modeling the boilers, for which GW provided capacity 

and utility data, allowing OpenStudio to autosize the boiler and assessing how closely it 

matches the actual equipment can indicate how accurately the geometry, constructions, 

and loads of the building are modeled.  

Another indication of faulty model parameters was the presence of unmet heating 

and cooling hours when all HVAC equipment was set to be autosized, representing an 

idealized HVAC system that should always meet the thermal load. The model parameters 

and tolerances related to unmet hours discussed in section 2.2. were included to prevent 

the simulation from reporting unmet hours that either would not occur in real life, or 

would occur because the appropriate HVAC equipment is not available in that season. 

After excluding irrelevant unmet hours, the unmet hours that remained represented 

excessive thermal loads that threatened occupant comfort and indicated a flaw in the 

model design. Improperly sized HVAC equipment, inaccurate activity and occupancy 

schedules, inaccurate weather files, inadequate insulation, and faulty system controls 

logic could all be responsible for excess number of unmet hours. ASHRAE 90.1-2007 

defined the maximum allowable number of annual unmet hours as 300, or the building 

energy model could not be validated. It also stipulates that any proposed design model 

cannot exceed the baseline design model by more than 50 hours [27]. This industry 

standard model validation practice had to be applied to the models in this study, however, 
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there were some considerations that had to be made to properly apply it to the target 

buildings. The intention of the ASHRAE standard is to ensure that modern buildings are 

sufficiently energy efficient, however, historic buildings are exempt from this code [28]. 

Oftentimes, substantial building envelope upgrades require too many alterations to its 

original architecture, which is protected under its historic designation. In this case, it is 

critical that the building models accurately represent envelope inefficiencies in order to 

comment specifically on the performance of electrification technologies in historic 

buildings. This will cause greater numbers of unmet hours than would be acceptable for a 

modern building. As such, a target maximum of 600 occupied unmet hours was applied 

to all simulations. Increasing the maximum threshold and focusing on occupied hours, 

rather than all hours, allows for validation criteria aligned with industry standards that 

does not compromise the integrity of the project. If the number of occupied unmet hours 

was less than 600, the model was evaluated against the other validation criteria.   

As the ASHP system is hypothetical and there is no data to compare to the model 

outputs, trends from the ResStock 2022.1 release will be used for validation. Comparison 

between ResStock baseline cases and upgrade 2, which transitions the existing HVAC 

system to a minimum efficiency heat pump with electric backup, revealed the expected 

energy profiles resulting from the fuel and configuration changes being evaluated here. It 

is expected, based on industry standards, that implementation of a heat pump would 

result in 30-50% heating energy savings and cooling energy would stay consistent unless 

the COP or system configuration changes [29]. ResStock trends reinforce this and 

address how the system energy profile changes with system configuration, for example, 

decentralized cooling to centralized cooling.  
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Some considerations must be made when comparing these building sets, most 

prominently, the ResStock buildings represent mid-rise apartments, and the GW 

buildings are dormitories. They should be similar because the dormitory configuration 

was created by modifying a mid-rise apartment template, but the modifications had a 

substantial effect on thermal loads. The dorms are much more densely occupied, which 

spikes the cooling load at the very beginning and end of the summer, but they are 

unoccupied or 50% occupied for most of the cooling season. This results in a 

substantially smaller calculated cooling load and likely under sizing of the equipment 

relative to what is in the actual buildings. This is acceptable for the purpose of this 

analysis, as the baseline cooling equipment is already electric and operates similarly to a 

heat pump. As such, substantial performance improvement comes from system 

optimization, which is not within the scope of this work.  

As discussed in section 1.5. the ResStock values come from an aggregated dataset 

that has been filtered to consider buildings that have 50+ units, natural gas boilers, room 

A/C (cooling configuration A), and central A/C (cooling configuration B). Meaning, the 

represented data is much more diverse than results from one highly specific, individual 

model and not appropriate for a direct comparison, or validation of every model element. 

As such, the ResStock data will be evaluated for trends in changing energy demand as a 

result of electrification. For example, validating the End-Use percentage of heating and 

cooling energies in each dataset is less relevant than validating the percent reduction of 

heating demand from the baseline to Case 1. As with all other previously discussed 

validation techniques, considerations will have to be made for the building envelope, 
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which might negatively impact the results, making them diverge from the ResStock 

database.  

2.5 Techno-Economic Metrics 

A techno-economic analysis was selected for this work as the largest barriers to 

energy transition often relate to cost. This analysis aims to understand if heat pump 

systems are viable HVAC technologies by assessing key metrics for performance 

comparison and cost factors. The primary technical metrics of interest are heating and 

cooling specific energy savings (kBTU) of each system and configuration. Heat pump 

systems should report significant reduction in thermal loads, particularly heating, because 

they are more efficient than natural gas boilers, and that will be a key element in 

quantifying the benefit of heat pumps. Site EUI (kBTU/ft²) is a similar metric that 

normalizes thermal energy demand by building square footage; this is a valuable metric 

when assessing buildings of differing sizes, as in this case. Energy Star reports that the 

median EUI for dormitory buildings in the United States is 57.9 kBTU/ft² [30]. The final 

technical metric is fuel savings, split into natural gas savings (therms) and electricity 

savings (kWh). This will quantify resources used for heating and cooling and is an 

important factor in calculating cost and emissions.   

Due to the historic designation of these buildings requiring more intensive design 

and approval processes for renovations, installation cost is difficult to estimate. As such, 

the primary focus will be operational cost, but capital cost will be estimated as equipment 

cost. Operational cost difference is a very straightforward comparison of the expected 

financial impact resulting from technological transition.  
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The primary emission of concern for GWU is CO₂, so it is centered in this 

analysis. Electrification is being explored for the purpose of decarbonization, so scope 1 

and scope 2 CO₂ emissions will both be considered as lbs. of CO₂. Each of the metrics 

discussed above are enumerated in Table 3 along with their relevant units. Each metric 

has an associated equation and unit as well as a list of data that must be acquired to 

evaluate each metric; this data will either come directly from the building energy model, 

an industry resource, or another technical resource. 
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Table 3 Summary of target metrics, equations, units, and data required for evaluation. 

Metric Equation Units Data Required for 
Evaluation 

Energy Savings 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝑁𝑁𝑁𝑁 kBTU 

-Baseline thermal energy 
demand  

-New thermal energy 
demand 

Site EUI 
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘)

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑓𝑓𝑓𝑓2)
 kBTU/ft² 

-Site total energy 
demand 

-Site total area 

Natural Gas 
Savings 𝑁𝑁𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 therms 

-Baseline annual natural 
gas consumption 

-New annual natural gas 
consumption 

Electricity 
Savings 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁 kWh 

-Baseline annual 
electricity consumption 
-New annual electricity 

consumption 

Operational 
Cost 

Difference  
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁 $/year 

-Electricity tariff rates 
-Natural gas tariff rates 
-Baseline electricity and 
natural gas consumption 

-New electricity and 
natural gas consumption 

Capital Cost N/A $ 

-Equipment cost air-
source heat pump 

-Equipment cost window 
fitted heat pump 

-Equipment cost VRF 
system  

CO₂ Emissions 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 lbs. of 
CO₂  

-Baseline natural gas 
and electricity 
consumption 

-New natural gas and 
electricity consumption 
-CO₂ emission factor for 

burning natural gas 
-CO₂ emission factor for 

Pepco Grid 
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2.6 Model Validation with ResStock 

Table 4 summarizes results from the ResStock database, and the building models 

created in OpenStudio, figures of interest for model validation are highlighted. The first 

row of Table 4 indicates that the autosized, baseline cooling systems account for an 

appropriate percentage of energy demand, validating the modeled cooling 

system.  ResStock also indicates that heating energy will decrease in the range of 43%-

78% when transitioning from boilers to heat pumps, and each of the target buildings fall 

within that range. 
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Table 4 ResStock Trends compared to Model Results for validation. ResStock Value A 
refers to the dataset with room A/C and B refers to the dataset with central A/C. 

  
ResStock 

2022.1 
Dataset  

2109 
F St. 

Strong 
Hall 

Guthridge 
Hall 

Baseline 
End Use Distribution 

Cooling 
(%) 

22.7 
17.0 13.1 22.7 

32.5 

Heating 
(%) 

77.3 
82.9 86.9 77.2 

67.5 

Upgrade 2 / ASHP  
End Use Distribution 

Cooling 
(%) 

67.6 
33.4 32.5 32.5 

48.4 

Heating 
(%) 

32.4 
66.6 67.5 67.4 

51.2 

Change from Baseline 
to Upgrade 2 / ASHP 

Cooling 
(%) 

54.6 
20.4 5.4 -52.8 

12.3 

Heating 
(%) 

-78.2 
-50.7 -66.9 -71.2 

 

 

The percentage of demand attributable to heating is slightly higher for the GW 

models; this is likely because the selected construction sets account for poor insulation as 

is common in historical buildings and the ResStock database represents more diverse 

constructions. As stated previously, this comparison is not a direct one, as there is some 
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ambiguity regarding the specific configurations that were aggregated to produce these 

figures.  

Natural gas use attributed to the boiler in each model is consistent with historical 

utility data in each building, validating the modeled heating loads. Notably, there is 

inconsistency across the buildings as it relates to change in cooling demand; this is almost 

certainly attributed to changing cooling configuration for two buildings and just changing 

technology in the other. Window A/C units are generally less energy intensive than 

central A/C systems, up to a certain building size. Hence, Guthridge Hall has central 

cooling because its size surpasses the threshold of energy savings, and it becomes easier 

to optimize a centralized system. Strong Hall is in the size range where either system 

could be appropriate, which is why the cooling demand only increases by 5% with the 

ASHP. 2109 F St. is a small enough building that the cooling capability of a centralized 

system is excessive, which contributes to the 20% increase in demand. Guthridge shows a 

substantial decrease in cooling energy with the implementation of the ASHP because the 

configuration did not change, and heat pumps are generally more efficient than chillers.  

The results of the baseline and ASHP cases agree with industry expectations, 

verifiable data on the systems being represented, and applicable trends in the ResStock 

database. As the models are validated in two configurations, it is reasonable to assume 

that the systems modeled in the secondary analysis are also valid. 

  



43 
 

3Chapter 3: Model Results 
 
 
This chapter summarizes the outputs of each model for Case 1 and Case 2. 

Outputs are used to calculate technical metrics for comparison of baseline and new 

system performance. The model results cover changes in energy consumption and energy 

load resulting from technology transition. Energy consumption, referred to as heating 

consumption or cooling consumption, refers to the amount of energy required to heat or 

cool each building with its respective technologies. In these results, the increase in 

cooling consumption and decrease in heating consumption shows the difference in energy 

consumption required to heat or cool the same space in the same conditions. The energy 

demand stays the same between the baseline cases and the upgrades, but the energy 

required by the equipment to meet that demand changes with efficiency and 

configuration. This yields a true comparison of technologies as they are simulated to meet 

the same thermal demand but do so in different ways. 

3.1 Case 1: Baseline Technologies and Centralized ASHP Systems 

Case 1 describes the transition from the baseline HVAC technologies in each 

building to a centralized ASHP system. This section will evaluate changes in energy 

demand and resource use that result from transitioning the HVAC technologies. 

3.1.1 Comparison of Energy Consumption 

The results shown in Figure 16 provide an example of the OpenStudio models’ 

annual and time series data outputs with Case 1 simulation results for Strong Hall. These 

results highlight the difference in energy resource consumption between the existing 

HVAC system and an unoptimized, centralized air source heat pump system. Heat pump 
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efficiency is reported as coefficient of performance (COP), which describes the ratio of 

heat moved to energy consumed, this differs slightly from traditional thermal efficiency 

values, which describes the ratio of useful heat output to energy consumed. To compare 

these metrics and quantify any efficiency upgrade, it is understood that a COP of 1 is 

equivalent to 100% thermal efficiency. The natural gas boilers modeled in each building 

have a nominal thermal efficiency of 80%, this is the default boiler efficiency provided in 

OpenStudio as it is industry standard, particularly for older boiler models. The ASHP 

systems have a heating COP of 5, indicating that 1 unit of electricity yields 5 units of 

heat, which represents the upper end of heat pump heating efficiencies (typically COP of 

3.5 - 5). A COP 5 was selected to compensate for building envelope inefficiencies in 

these historical buildings by meeting the load with a high efficiency system. Due to the 

substantial heating efficiency increase, the amount of energy required to meet the heating 

demand is reduced significantly with the installation of the heat pump system, 

specifically a 63% reduction in January, the peak heating month. 
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Figure 16 Example of OpenStudio models summed annual and time series data outputs. 
 Case 1 values of Strong Hall’s annual total site energy demand breakdown and monthly 

HVAC load profiles are shown. 
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Table 5, shown below, summarizes and compares the Case 1 annual modeling 

results for all three buildings. These values only represent the energy demand for HVAC 

systems and do not account for other site energy uses. Each building’s energy demand 

dropped substantially, with Guthridge Hall reporting the most energy savings of the three. 

The baseline EUI for each building is higher than the median EUI for dormitories in the 

United States, getting further from the median as building size increases. Reduction of 

EUI to below the median for each building reinforces the claim that heat pumps are more 

energy efficient than the baseline systems, indicating potential viability for GW. 
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Table 5 Case 1: Comparison of heating and cooling energy consumption for each building 
in baseline and centralized ASHP System configurations. 

 

Building 2109 F St. Strong Hall Guthridge 
Hall 

 
Area (ft²) 24,242 33,058 61,910 

Baseline HVAC 
System 

Cooling 
Energy 
(kBTU) 

168,560 234,082 1,040,798 

Heating 
Energy 
(kBTU) 

822,269 1,546,373 3,538,040 

Site EUI 
(kBTU/ft²) 61.40 74.30 93.83 

Centralized ASHP 

Cooling 
Energy 
(kBTU) 

203,022 246,650 491,036 

Heating 
Energy 
(kBTU) 

405,410 512,608 1,017,794 

Site EUI 
(kBTU/ft²) 52.50 50.92 48.98 

Percent Change 

Cooling 
Energy 20.4 % 5.4 % -52.8 % 

Heating 
Energy -50.7 % -66.9 % -71.2 % 

Site EUI -14.5 % -31.5 % -47.8 % 

 

3.1.2 Comparison of Resource Use 

Table 6 summarizes fuel consumption by the HVAC systems in the baseline and 

ASHP systems. There is a substantial increase in electricity usage as all heating demand 

is now electric and the baseline cooling demand increased in all but Guthridge Hall, 
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which notably reports the lowest increase in electricity of all three buildings. Natural gas 

usage is eliminated in these scenarios as the boilers are being completely replaced with 

heat pumps. This only accounts for the steam boilers used for heating, and there are 

additional natural gas technologies present in each building. While the building would 

not eliminate natural gas, consumption would be reduced by 70-80% per building. 

Table 6 Case 1: Comparison of HVAC equipment related fuel consumption for each 
building in baseline and centralized ASHP system configurations. 
 

Building 2109 F St. Strong Hall Guthridge 
Hall 

 
Area (ft²) 24,242 33,058 61,910 

Baseline HVAC 
System 

Electricity 
(kWh) 55,953 77,350 346,959 

Natural Gas 
(therms) 8,223 15,464 35,380 

Centralized ASHP 

Electricity 
(kWh) 233,739 304,045 570,086 

Natural Gas 
(therms) 0 0 0 

Percent Change 

Electricity 317.7 % 293.1 % 64.3 % 

Natural Gas -100.0 % -100.0 % -100.0 % 

 

3.2 Case 2: Baseline Technologies and Complementary Heat Pump Systems 

Case 2 describes the transition from baseline HVAC technologies to a heat pump 

system that is complementary to the existing infrastructure in each building for the 

purpose of minimizing costly retrofits. In 2109 F St. and Strong Hall, window-fitted heat 

pumps were targeted as low-impact installation, as they could simply replace the window 

A/C units. As Guthridge Hall HVAC systems are centralized, the centralized ASHP from 
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Case 1 already complemented the existing infrastructure but was operationally dissimilar 

to the window-fitted heat pumps, which can heat and cool on demand. As such, a VRF 

with DOAS system was selected for investigation as it is fully centralized, 

complementary to existing building infrastructure, and able to heat and cool individual 

thermal zones on demand. 

3.2.1 Comparison of Energy Consumption 

Table 7 summarizes energy demand for HVAC technologies in the baseline 

system and an infrastructure complementary heat pump system. The same general trends 

are observed as in Case 1, but with slightly reduced savings and increased cooling 

demand in Strong Hall. Because of the constant and flexible nature of these systems, 

compared to the seasonal systems, they will consume more energy because they are 

meeting more load hours per year. There are no reported unmet hours for these 

technologies, they are effectively running for around 2-4 weeks longer than the other 

systems. Guthridge Hall is the only building that shows substantial reductions in both 

heating and cooling energy from the baseline case. While the savings are not as 

significant for these technologies, there is still substantial improvement from the baseline 

case, indicating potential viability for GW. 
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Table 7 Case 2: Comparison of heating and cooling energy demand for each building in 
baseline and complementary HP system configurations. 

 
Building 2109 F St. Strong Hall Guthridge 

Hall 
 

Area (ft²) 24,242 33,058 61,910 

Baseline 
HVAC System 

Cooling Energy 
(kBTU) 168,560 234,082 1,040,798 

Heating Energy 
(kBTU) 822,269 1,546,373 3,538,040 

Site EUI 
(kBTU/ft²) 61.40 74.30 93.83 

Complementa
ry HPS 

Cooling Energy 
(kBTU) 200,814 282,497 471,937 

Heating Energy 
(kBTU) 422,707 555,298 1,200,363 

Site EUI 
(kBTU/ft²) 49.23 49.09 52.17 

Percent 
Change 

Cooling Energy 19.1 % 20.68 % -54.7 % 

Heating Energy -48.6 % -64.1 % -66.1 % 

Site EUI -19.8 % -33.9 % -44.4 % 

 

3.2.2 Comparison of Resource Use 

Table 8 summarizes fuel consumption by the HVAC systems in the baseline and 

optimized heat pump systems. The trends are the same as the ASHP comparison, but with 

slightly lower percentage increases in electricity usage in 2109 F St. and Strong Hall, and 

higher in Guthridge Hall. 
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Table 8 Case 2: Comparison of HVAC equipment related fuel consumption for each 
building in baseline and centralized ASHP system configurations. 
 

Building 2109 F St. Strong Hall Guthridge 
Hall 

 
Area (ft²) 24,242 33,058 61,910 

Baseline HVAC 
System 

Electricity 
(kWh) 55,953 77,350 346,959 

Natural Gas 
(therms) 8,223 15,464 35,380 

Complementary HPS 

Electricity 
(kWh) 210,447 286,298 627,892 

Natural Gas 
(therms) 0 0 0 

Percent Change 

Electricity 276.1 % 270.1 % 81.0 % 

Natural Gas -100.0 % -100.0 % -100.0 % 

 

3.3 Comparison of Case 1 and Case 2 

Both Case 1 and 2 show significant improvements from the baseline technologies 

when evaluated holistically. General trends indicated that cooling demand would increase 

mildly to moderately with a heat pump system, and heating demand would decrease 

substantially. Table 9 summarizes the percentage values, enumerated in the previous four 

tables, to facilitate direct comparison of Case 1 and 2. Generally, the ASHP systems 

performed more competitively than the Case 2 systems in regard to heating energy 

demand. The increase in heating energy demand with Case 2 technologies could, in part, 

be attributed to additional thermal loads in the transitional seasons that the ASHP system 

did not have to meet, due to its seasonal operation schedule. Increase of total number of 
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load hours for both the heating and cooling components could also contribute to 

substantially poorer cooling performance of Case 2 technologies in Strong Hall. These 

cooling results indicate that Strong Hall may operate more efficiently with fully 

centralized technologies rather than decentralized cooling equipment, likely due to its 

size. However, it is possible that Strong Hall is not able to support centralized cooling 

without undergoing major retrofits that would be in contention with its Category A 

preservation status. 
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Table 9 Comparative summary of Case 1 and Case 2 performance upgrades against 
baseline values for performance metrics. 

Building 2109 F St Strong Hall Guthridge 
Hall 

Cooling Energy (Δ % kBTU) 

168,560 234,082 1,040,798 

20.4 % 5.4 % -52.8 % 

19.1 % 20.68 % -54.7 % 

Heating Energy (Δ % kBTU) 

822,269 1,546,373 3,538,040 

-50.7 % -66.9 % -71.2 % 

-48.6 % -64.1 % -66.1 % 

Site EUI (Δ % kBTU/ft²) 

61.40 74.30 93.83 

-14.5 % -31.5 % -47.8 % 

-19.8 % -33.9 % -44.4 % 

Electricity (Δ % kWh) 

55,953 77,350 346,959 

317.7 % 293.1 % 64.3 % 

276.1 % 270.1 % 81.0 % 

Natural Gas (Δ % therms) 

8,223 15,464 35,380 

-100.0 % -100.0 % -100.0 % 

-100.0 % -100.0 % -100.0 % 

 
Despite more substantial heating and cooling energy savings, Case 1 site EUI 

values do not decrease as much as Case 2, except in Guthridge Hall, meaning there is a 
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contributing factor of window-fitted heat pumps that outperforms the centralized ASHP 

system. Site EUI values account for all energy consuming equipment in the building, and 

particular attention should be paid to the behavior of pumps and fans when changing the 

configuration of heating or cooling. In 2109 F St. and Strong Hall, window-fitted heat 

pumps consumed roughly half of the amount of energy as fans in the centralized ASHP 

system, leading to overall lower site energy demand and better site EUI. This difference 

in pump and fan use is also what leads the window-fitted heat pumps to consume less 

electricity overall than the ASHP, which is the most significantly weighted factor in 

operational cost and scope 2 emissions. This comparison highlights performance 

drawbacks associated with each of these target technologies that should be weighted 

holistically against the practical limitations of each building. 
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4Chapter 4: Cost and Emissions Results 
 
 
This chapter analyzes the impact of switching technologies on cost and CO₂ 

emissions. The results discussed in the previous chapter form the basis for the following 

operational cost, capital cost, and CO₂ emissions values, which were obtained through a 

combination of OpenStudio utility tariff processing, and post-processing calculations 

performed in Python. 

4.1 Operational Cost Difference and CO2 Emissions Profiles 

Cost data for each resource, electricity and natural gas, was obtained from utility 

tariff reports. Pepco, the electricity utility company, provides a detailed tariff report that 

outlines all incurred cost rates, including generation, transmission, delivery, and 

administrative fees for each classification of building. It is assumed that all three 

buildings are classified as schedule GTLV, meaning general metering low voltage 

service, which is a common designation for small to midsize, corporately owned 

buildings [31]. Washington Gas, the natural gas utility, provides a similarly structured 

tariff and it is assumed that all three buildings would be classified as Schedule 2A Firm 

Commercial and Industrial [32].  

The information in these tariff reports is able to be input into the OpenStudio 

software to achieve a more accurate cost analysis. This method accounts for peak 

resource draw rates and monthly account fees, making it preferable to assuming an 

average dollar per unit value and multiplying by annual fuel consumption. The 

OpenStudio results for each model do provide an average cost per unit value for each fuel 

type based upon all the parameters described above. Table 10 outlines the average cost of 

fuel for each simulation that was run. These values are included to give context to the 
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annual cost values that will be discussed in the next two sections with the understanding 

that all cost values were calculated by OpenStudio and not calculated manually in post-

processing. 

Table 10 Average cost of natural gas and electricity in each simulation run. 

Building Case Natural Gas Cost 
($/therm) 

Electricity Cost 
($/kWh) 

2109 F St. 

Baseline 0.582 0.296 

Case 1 – 0.262 

Case 2 – 0.264 

Strong Hall 

Baseline 0.534 0.260 

Case 1 – 0.247 

Case 2 – 0.246 

Guthridge Hall 

Baseline 0.503 0.222 

Case 1 0.231 – 

Case 2 0.218 – 

 
Emissions values were calculated with a Python script in post-processing by 

multiplying fuel emissions coefficients by the annual consumption of each fuel. In 2023 

Pepco reported that the emissions associated with generation for the PJM Grid resulted in 

a CO₂ emissions coefficient of 704.34 lbs. of CO₂ per MWh of electricity generated [33]. 

The U.S. Energy Information Administration reported in 2024 that natural gas has a CO₂ 

emissions coefficient of 116.65 lbs. of CO₂ per million BTU. Each coefficient was 
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multiplied by the annual consumption value of its respective fuel source and summed to 

determine the annual total emissions contributed by each building.  

Consideration of GW’s solar purchasing agreement should be made when 

evaluating emissions in each case. The purchase agreement supplies GW with enough 

electricity to offset approximately 50% of the on-campus electricity consumption at a 

fixed 52 MW per year. Replacing natural gas technologies with electric technologies will 

increase electricity usage on campus and reduce the equivalent percentage of on-campus 

consumption that can be offset by that purchasing agreement. Essentially, any additional 

electricity consumption would be subject to the same emissions coefficient as the Pepco 

Grid. However, the study objective is to assess potential reduction of emissions on 

campus via electrification, informed by GW sustainability policy. The solar purchasing 

agreement indicated the GW intended to offset 50% of its grid emissions, as such, it is 

assumed that the university would maintain that offset percentage through more solar 

power purchase agreements as electricity consumption rises with the elimination of scope 

1 emission producing technologies. Therefore, it will be assumed that even with 

increased electricity consumption, 50% of it is generated by renewable sources and does 

not contribute to CO₂ emissions.  

4.1.1 Case 1: Baseline Technologies and Centralized ASHP Systems 

Table 11 summarizes the estimated cost and emissions outcomes of electrification 

with an ASHP system. 2109 F St. and Strong Hall both show around 56% increases in 

cost and Guthridge Hall shows around 24% increase. The CO₂ emissions are more 

desirable with 9% and 39% reductions in Strong Hall, and Guthridge Hall respectively. 

These results indicate a complete elimination of HVAC related scope 1 emissions and 
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some reductions in scope 2 emissions, excluding 2109 F St. which saw a 21% increase in 

emissions from baseline. These results indicate a correlation between size and savings 

with the smallest building, 2109 F St, yielding increased emissions and the largest 

building, Guthridge Hall, yielding the greatest emissions reduction. This could indicate 

that a centralized ASHP system may be more well suited to larger buildings. 

Inappropriate implementation of an energy intensive technology or configuration does 

yield greater emissions than baseline in 2109 F St. when only Pepco emissions factors are 

considered, but solar power purchasing changes those results.        

Factoring in the solar purchasing agreement yields CO₂ emissions decreases for 

each building, indicating that technology transition would be a substantial step in 

reducing scope 1 CO₂ emissions on campus, which is necessary in achieving GW’s goal 

to be carbon neutral by 2030. Currently, it is likely that GWU plans to offset the rest of 

their electricity related carbon emissions with power purchasing agreements. In that case 

the Pepco emissions would not be relevant, however, they are included in this study as a 

baseline for comparison between natural gas and typical electricity usage. 
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Table 11 Operational Cost and CO₂ Emissions - Baseline and Centralized ASHP. 
 

Building 2109 F St. Strong 
Hall 

Guthridge 
Hall 

 
Area (ft²) 24,242 33,058 61,910 

Baseline HVAC 
System 

Operational Cost ($) 62,494 77,689 165,566 

CO₂ (lbs.) 135,331 234,868 657,084 

CO₂ w/ Solar  
Purchasing (lbs.) * 115,626 207,627 534,896 

Centralized ASHP 

Operational Cost ($) 97,828 121,655 205,209 

CO₂ (lbs.) 164,631 214,151 401,534 

CO₂ w/ Solar  
Purchasing (lbs./year) * 82,315 107,075 200,767 

Percent Change 

Operational Cost ($) 56.5 % 56.6 % 23.9 % 

CO₂ (lbs.) 21.7 % -8.8 % -38.9 % 

CO₂ w/ Solar 
Purchasing (lbs.) * -28.8 % -48.4 % -62.5 % 

*Assumes 50% of emissions derived from electricity pulled from the Pepco Grid is offset 
by the Duke Energy solar purchasing agreement. 

4.1.2 Case 2: Baseline Technologies and Complementary Heat Pump Systems 

Table 12 summarizes the estimated cost and emissions outcomes of electrification 

with an optimized heat pump system. Operational cost increases by slightly less than in 

the ASHP case, as it uses slightly less electricity. 2109 F St. sees the same increase in 

emissions from baseline to the complementary heat pump system, window-fitted heat 

pumps, but less than half of the increase from the ASHP system. As 2109 F St. is such a 

small building, it likely did not need a significant amount of natural gas to operate the 

boiler resulting in generally lower emissions. Though, many GW buildings operate on 
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shared systems, and it is likely that 2109 F St. shares a boiler with an adjacent building. 

This would change the framework for analysis, as replacing that boiler would entail 

retrofitting multiple buildings and could yield emissions reductions similar to the ones 

predicted in the larger buildings. As stated above, the emissions after solar purchasing are 

the most relevant ones and that yields a 35% reduction in 2109 F St. and almost 60% 

reductions in Guthridge Hall. 

Table 12 Operational Cost and CO₂ Emissions - Baseline and Complementary HPS. 
 

Building 2109 F St. Strong 
Hall 

Guthridge 
Hall 

 
Area (ft²) 24,242 33,058 61,910 

Baseline HVAC 
System 

Operational Cost ($) 62,494 77,689 165,566 

CO₂ (lbs.) 135,331 234,868 657,084 

CO₂ w/ Solar 
Purchasing (lbs.) * 115,626 207,627 534,896 

Complementary 
HPS 

Operational Cost ($) 92,391 117,067 206,255 

CO₂ (lbs.) 148.226 201,651 442,249 

CO₂ w/ Solar 
Purchasing (lbs.) * 74,113 100,825 221,124 

Percent Change 

Operational Cost ($) 47.8 % 50.7 % 24.6 % 

CO₂ (lbs.) 9.5 % -14.1 % -32.7 % 

CO₂ w/ Solar 
Purchasing (lbs.) * -35.9 % -51.4 % -58.6 % 

*Assumes 50% of emissions derived from electricity pulled from the Pepco Grid is offset 
by the Duke Energy solar purchasing agreement. 
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4.2 Comparison of Case 1 and Case 2 – Economic Metrics 

Comparison of the economic metrics for Case 1 and Case 2 indicate Case 1 

technologies consistently outperform Case 2 technologies. A notable outlier, Case 2 

technologies resulted in lower operational costs in 2109 F St. and Strong Hall. This 

outlier can be attributed to technologies using substantially less fan energy, therefore, less 

electricity and marginal improvements in operational cost. Ultimately, the disparity 

between Case 1 and Case 2 is minimal enough that both sets of technologies should be 

considered for installation. 

Table 13 Comparative summary of Case 1 and Case 2 performance upgrades against 
baseline values for performance metrics. 

Building 2109 F St Strong Hall Guthridge 
Hall 

Operational Cost (Δ % $) 

62,494 77,689 165,566 

56.5 % 56.6 % 23.9 % 

47.8 % 50.7 % 24.6 % 

Emissions (Δ % CO₂ lbs.) 

130,715 228,707 627,551 

21.7 % -8.8 % -38.9 % 

9.5 % -14.1 % -32.7 % 

Emissions w/ Solar  
Purchasing (Δ % CO₂ lbs.) 

113,318 204,547 520,129 

-28.8 % -48.4 % -62.5 % 

-35.9 % -51.4 % -58.7 % 
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4.3 Capital Cost Comparison of Baseline and Heat Pump Systems 

The capital cost of each centralized technology investigated in this study was 

determined through a manual calculation of estimated install cost per ton cooling capacity 

or BTU/hr. heating capacity. The heating and cooling capacities of each ASHP were 

autosized by OpenStudio based on the calculated thermal demand. Those sizing values 

will be used to calculate capital cost of each ASHP system. Chiller capacity was also 

autosized in OpenStudio due to lack of available data in the real equipment. Available 

GW data on boiler capacities for each building will be used to calculate their capital 

costs. As a specific make and model have been identified for the window-fitted 

technologies, the Friedrich Kühl units, both A/C and heat pump, will be sourced from an 

online retailer and multiplied by the number of units required in each building. Table 14 

summarizes the capital cost factors and calculated capital cost. The capital cost factors, 

and their applicable units are as follows: 

• Gas-Fired Condensing Boiler*1: $0.08/BTUH 

• Air-Cooled Scroll Chiller Plant*: $1,520/ton 

• Window A/C Unit†2: $1,400/unit 

• Air-Source Heat Pump*: $2,900/ton 

• Window Heat Pump†: $2,000/unit 

• Variable Refrigerant Flow Heat Pump*: $8,300/ton  

 

 

 
1 * Values are based on 2022 cost estimates from retrofit projects in Hartford, CT [9]. 
2  † Values are based on pricing from commercial retailer Sylvane [34]. 
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Table 14 Summary of estimated capital cost for each baseline and heat pump technology. 

 2109 F St. Strong Hall Guthridge 
Hall 

Boiler CC ($) 166,400 271,360 160,000 

Chiller CC ($) – – 257,792 

Window A/C Units CC ($) 84,000 310,800 – 

ASHP CC ($) 181,250 254,910 418,180 

Window HP CC ($) 120,000 444,000 – 

VRF HP CC ($) – – 1,196,860 

 
Simple capital cost calculations indicate that 2109 F St. is the only building with a 

lower capital cost for its complementary heat pump system than the ASHP system. Strong 

Hall and Guthridge Hall both have complementary heat pump costs approximately 

double that of the ASHP. While there does exist a large discrepancy, it must be considered 

that these calculations do not account for the cost of large-scale retrofitting on historical 

buildings, which is a costly process. The purpose of the complementary heat pump 

systems was to simplify the retrofit process. In the case of the Friedrich Kühl heat pumps, 

installation would entail removing the current Friedrich Kühl A/C units and placing the 

heat pumps in the window, a process that could be done by GW Facilities and Operations 

technicians. While the window-fitted heat pump equipment cost in Strong Hall is double 

that of the ASHP, the substantially reduced installation costs would offset that difference 

and then some. In both 2109 F St. and Strong Hall, capital costs for both heat pump 

technologies are lower than the baseline technologies, largely in part due to the necessity 
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of separate heating and cooling technologies, and the combination of centralized and 

decentralized technologies.  

The VRF and ASHP systems would likely to have similar installation costs as 

both are well suited to the existing infrastructure in Guthridge Hall. However, the ability 

of the VRF to heat and cool spaces on demand would substantially improve occupant 

comfort, particularly during the transitional seasons. 

4.4 Implications of Cost and Emissions Profiles For GWU 

The results in the previous sections highlight a tradeoff for GW facilities. There 

are substantial emissions reductions to be considered across the buildings, particularly 

Guthridge Hall. The elimination or offset of scope 1 emissions is a commitment that GW 

has made to reach their sustainability goal, which motivates the implementation of a 

system like the ones studied. While there are still emissions associated with the Pepco 

grid, it comprises 7% renewable energy and almost 80% natural gas and nuclear power, 

which is an environmentally competitive makeup when compared to the broader PJM 

grid [33]. It is projected that utilities will become more dependent on renewable energy 

as regulations are tightened, which would further improve the results of this analysis.  

However, incorporating heat pump technologies substantially increases 

operational costs in each building because electricity is much more expensive than 

natural gas. This will affect the viability of any electrification technology and is a 

persistent barrier in decarbonizing infrastructure. The typical means for improving 

operational costs of already energy efficient technologies are building envelope upgrades. 

There is significant limitation on the kinds of envelope upgrades that can be done in 

historical buildings, and an in-depth analysis of energy efficiency factors in the original 
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design must be done to determine what can be optimized without compromising the 

historical integrity of the buildings. 
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5Chapter 5: Conclusions and Further Work  
 
 
Analysis of three different heat pump systems and configurations of 2109 F St, 

Strong Hall, and Guthridge Hall revealed potential benefits and barriers to electrification. 

In 2020, GWU set ambitious commitments to achieve carbon neutrality by 2030. It was 

reported that carbon emissions had been reduced on campus by 40% in 2024, meaning 

60% of emissions still need to be addressed within the next 5 years. In the process of 

energy transition, some buildings will be easier to electrify than others; historic 

designations on the three dorms selected for this study present unique challenges in the 

realm of envelope upgrades and retrofitting. However, they are valuable pieces of 

architecture on GWU’s campus and every effort to not only preserve them, but keep them 

active on GW’s campus is deeply important. This study highlights the necessity of 

handling culturally significant infrastructure in a way that maintains its integrity when 

bringing it into a future that increasingly focuses on sustainability and environmental 

impact. Sustainability and historical preservations should not exist in contention with 

each other, but rather be negotiated to a complementary point.  

Switching each building from their baseline technologies to a centralized ASHP 

substantially decreased thermal energy consumption across all three buildings, with 

Guthridge Hall seeing the most reduction in both heating and cooling energy. There is no 

question that a centralized ASHP is more energy efficient than steam boilers for heating, 

and it appears to be more efficient than a centralized chiller. However, infrastructure 

upgrade limitations in historic buildings adds complexity to retrofit procedures, which 

would need to be done in 2109 F St. and Strong Hall. As such, additional analysis that 

considers window-fitted heat pumps, which would require minimal building upgrades 
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was performed and yielded results consistent with the ASHP system. As these 

technologies are capable of providing heating and cooling on demand, a VRF system was 

considered for Guthridge Hall, as the fully centralized nature would require minimally 

invasive procedures for replacing the existing equipment. As expected, the VRF system 

performed comparably to the ASHP system, but was able to meet loads that were 

previously unmet in the 2-3 weeks a year where changeover from heating to cooling and 

vice versa yielded the HVAC system unable to respond to fluctuating temperatures during 

seasonal transitions. This additional 2-3 weeks of performance did yield higher overall 

energy consumption than the ASHP in all buildings, which is a tradeoff that would 

improve comfort of the dorm rooms during those time frames.  

While overall energy demand did dramatically decrease, electricity usage 

increased by as much as 300% in some buildings because it was supporting heating in 

addition to cooling. Notably, Guthridge Hall is the only building that saw a decrease in 

cooling energy demand after transitioning, resulting in only 64% increased electricity 

consumption. Factoring in GW’s solar power purchasing agreement with Duke Energy, 

this transition does yield generally desirable reductions in emissions with the smallest 

reported emissions reduction of 36% in 2109 F St, and the largest reported reduction of 

63% in Guthridge Hall. It is worth noting that the emissions attributed to the heat pump 

configurations are all scope 2 and subject to change as the Pepco grid evolves with 

increasingly strict emissions restrictions. Eliminating the steam boilers does not entirely 

eliminate scope 1 emissions in each building, as there are other natural gas technologies, 

such as water heaters, dryers, and emergency generators, that would also need to be 
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replaced. However, the boilers account for 70-80% of natural gas usage in each building 

which would be eliminated. 

The largest barrier to implementing any of the systems analyzed in this study is 

cost. Based upon the off-peak Pepco [31] and Washington Gas [32] tariff rates, electricity 

costs 8.3x as much as natural gas, meaning replacement of natural gas use with electricity 

would need to see total energy demand reductions that offset the cost difference in fuels 

and maintain baseline operating costs. Despite substantial reductions in each building’s 

energy demand, none were enough to offset cost differences, resulting in 56% cost 

increases in 2109 F St and Strong Hall. Guthridge, which yielded the largest overall 

energy demand reduction, reported closer to 25% increase in operational cost difference. 

These values, compounded with higher investment costs for heat pump technologies than 

the baseline technologies, present a serious concern over the viability of electrification 

and decarbonization through these means. 

This analysis provided a preliminary look at decarbonizing these buildings and 

leaves room for deeper investigation. While energy demand was reduced, it was not 

enough to offset operational electrification costs. This problem could be analyzed, 

particularly in Guthridge Hall, by assessing the actual constructions of the GW buildings 

and determining if there are envelope upgrades not accounted for in these models that 

would see even greater energy demand reduction, and therefore operational cost 

improvement. Additionally, that analysis would garner an understanding of weak points 

in each building's envelope, and determination of upgrades in agreement with 

preservation guidelines could be made. Further analysis could examine the other natural 
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gas technologies in the building and consider electrification technologies, for example, 

heat pump water heaters to further eliminate scope 1 emissions.  

The results of this analysis demonstrated how valuable sustainability investments 

can be in historic buildings when the upgrade limitations are known. Exemption of 

historic buildings from energy efficiency and sustainability regulations is a practical, but 

neglectful approach. Policies such as these discourage investigation of low-impact 

envelope upgrades or energy system retrofitting. That attitude is further reinforced by the 

approval processes and cost premiums to do construction on a historical building. In this 

sense, the guidelines designed to preserve these buildings are actually harming them by 

not enforcing fair and attainable sustainability requirements that ensure these buildings 

remain active. If gradual upgrades are not made over time, there may someday come a 

point at which these buildings are no longer able to be maintained. Though the increases 

in building energy costs were not desirable, they could be considered as an investment in 

a more holistic preservation effort. One that considers not only the architectural integrity 

of these buildings, but also their social impact as living history within the communities 

they represent. 
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7Appendix A – GWU Facilities Data 
 
 

Table A1 Summary of technologies and relative natural gas consumption in target 
buildings [12]. 

Building 
Name 

Unit 
Description 

Equipment 
Capacity 

(BTU/Hr.) 
No. Units Fuel Type 

Natural 
Gas 

Distribution 
(%) 

2109 F 
 

Boiler 2,080,000 1 Natural 
Gas 

70% 

Water Heater 365,000 1 Natural 
Gas 

7.5% 

Water Heater 365,000 1 Natural 
Gas 

7.5% 

Dryer 25,000 4 Natural 
Gas 

15% 

Emergency 
Generator 

250,685 1 Diesel Fuel 
  

 

     
Guthridge 

Hall 
 

Boiler 1,000,000 1 Natural 
Gas 

35% 

Boiler 1,000,000 1 Natural 
Gas 

35% 

Water Heater 420,000 1 Natural 
Gas 

7% 

Water Heater 420,000 1 Natural 
Gas 

7% 

Dryer 25,000 8 Natural 
Gas 

16% 

Emergency 
Generator 

2,271,400 1 Diesel Fuel 
  

      
Strong Hall Boiler 3,392,000 1 Natural 

Gas 
80% 

Water Heater 505,000 1 Natural 
Gas 

10% 

Dryer 25,000 6 Natural 
Gas 

10% 
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Table A2 Historic electricity and natural gas usage for target buildings from utility bills 
[12]. 

 Property FY97 FY98 FY99 FY00 FY01 

Electricity 
Use 

(kWh) 

2109 F ST 
NW 0 0 193,680 193,680 193,680 

GUTHRIDGE 
HALL 603,900 583,200 591,300 625,050 632,250 

STRONG 
HALL 283,800 281,160 292,620 368,700 371,100 

       

Natural 
Gas Use 
(therms) 

2109 F ST 
NW 0 0 0 13,334 13,334 

GUTHRIDGE 
HALL 55,683 34,792 32,106 25,066 25,544 

STRONG 
HALL 5,643 5,878 5,767 4,362 3,094 

 

 Property FY02 FY03 FY04 FY05 FY06 

Electricity 
Use 

(kWh) 

2109 F ST 
NW 193,680 205,440 197,360 195,360 222,800 

GUTHRIDGE 
HALL 602,550 602,550 634,050 671,100 707,100 

STRONG 
HALL 419,160 403,860 389,400 388,080 363,480 

       

Natural 
Gas Use 
(therms) 

2109 F ST 
NW 13,334 13,334 18,125 15,608 18,118 

GUTHRIDGE 
HALL 26,318 26,234 32,659 31,656 29,640 

STRONG 
HALL 3,554 29,727 32,271 28,349 31,756 

 

 Property FY07 FY08 FY09 FY10 FY11 

Electricity 
Use 

(kWh) 

2109 F ST 
NW 268,467 247,373 211,200 202,734 191,846 

GUTHRIDGE 
HALL 705,550 460,730 163,920 149,700 151,202 

STRONG 
HALL 399,900 379,872 342,168 350,820 371,889 

       

Natural 
Gas Use 
(therms) 

2109 F ST 
NW 17,664 19,558 18,129 21,296 18,826 

GUTHRIDGE 
HALL 20,959 31,364 6,314 31,591 30,843 

STRONG 
HALL 27,679 32,537 31,621 32,996 25,426 
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 Property FY12 FY13 FY14 FY15 FY16 

Electricity 
Use 

(kWh) 

2109 F ST 
NW 160,885 166,960 174,080 170,750 152,557 

GUTHRIDGE 
HALL 341,403 564,600 541,800 542,100 499,800 

STRONG 
HALL 354,544 352,920 349,120 342,480 299,480 

       

Natural 
Gas Use 
(therms) 

2109 F ST 
NW 16,450 14,596 17,647 19,669 22,262 

GUTHRIDGE 
HALL 31,922 25,737 25,255 28,272 28,816 

STRONG 
HALL 27,105 20,817 27,850 30,085 30,274 

 

 Property FY17 FY18 FY19 FY20 FY21 

Electricity 
Use 

(kWh) 

2109 F ST 
NW 138,257 131,777 138,971 119,989 102,302 

GUTHRIDGE 
HALL 517,800 511,800 473,700 385,089 307,315 

STRONG 
HALL 327,440 293,520 291,960 267,456 198,363 

       

Natural 
Gas Use 
(therms) 

2109 F ST 
NW 17,291 12,509 14,741 16,607 12,068 

GUTHRIDGE 
HALL 23,417 20,098 22,181 20,029 17,482 

STRONG 
HALL 21,571 25,638 29,463 25,489 24,616 
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8Appendix B – Friedrich Specifications 
 
 

 
Figure B1 Friedrich Kühl window-fitted model specifications including A/C and heat 

pump configurations. 


	1 Acknowledgments
	2 Abstract of Thesis
	3 Table of Contents
	4 List of Figures
	5 List of Tables
	1 Chapter 1: Overview and Background
	1.1 Background of DC and GW Sustainability Goals
	1.2 Summary of Target Buildings
	1.3 Summary of Baseline HVAC Technologies and Heat Pumps
	1.3.1 Natural Gas Fired Steam Boilers
	1.3.2 Window A/C Units
	1.3.3 Air-Cooled Chillers
	1.3.4 Heat Pumps

	1.4 Comparison of Baseline HVAC Technologies and Centralized ASHP
	1.5 Additional Technologies of Interest
	1.6 ComStock and ResStock – NREL’s Database of U.S. Housing Stock

	2 Chapter 2: Methodology
	2.1 Building Energy Modeling – Approaches and Tools
	2.1.1 EnergyPlus
	2.1.2 TRNSYS
	2.1.3 MATLAB® - Simulink® and Simscape™ libraries
	2.1.4 OpenModelica® - Modelica® Buildings Library

	2.2 Thermal Modeling with OpenStudio, EnergyPlus, and SketchUp
	2.3 Model Uncertainties
	2.3.1 Constructions
	2.3.2 HVAC System Configurations
	2.3.3 Occupant Behavior

	2.4 Validation Techniques
	2.5 Techno-Economic Metrics
	2.6 Model Validation with ResStock

	3 Chapter 3: Model Results
	3.1 Case 1: Baseline Technologies and Centralized ASHP Systems
	3.1.1 Comparison of Energy Consumption
	3.1.2 Comparison of Resource Use

	3.2 Case 2: Baseline Technologies and Complementary Heat Pump Systems
	3.2.1 Comparison of Energy Consumption
	3.2.2 Comparison of Resource Use

	3.3 Comparison of Case 1 and Case 2

	4 Chapter 4: Cost and Emissions Results
	4.1 Operational Cost Difference and CO2 Emissions Profiles
	4.1.1 Case 1: Baseline Technologies and Centralized ASHP Systems
	4.1.2 Case 2: Baseline Technologies and Complementary Heat Pump Systems

	4.2 Comparison of Case 1 and Case 2 – Economic Metrics
	4.3 Capital Cost Comparison of Baseline and Heat Pump Systems
	4.4 Implications of Cost and Emissions Profiles For GWU

	5 Chapter 5: Conclusions and Further Work
	6 References
	7 Appendix A – GWU Facilities Data
	8 Appendix B – Friedrich Specifications

