
A CASE STUDY ON BUILDING ENERGY EFFICIENCY MEASURES AT  

W.E. HUNT RECREATION CENTER, TOWN OF HOLLY SPRINGS 

 

by 

 

Hui Chien Tan 

Advisors: Brian Murray & Jennifer Swenson 

December 8th, 2021 

 

 

Masters project proposal submitted in partial fulfillment of the 

requirements for the Master of Environmental Management degree in 

the Nicholas School of the Environment of 

Duke University 

 

 

 

  



   
 

2 

EXECUTIVE SUMMARY 

According to the U.S. Department of Energy, buildings account for more than 40% of total 

energy consumption and associated greenhouse gas (GHG) emissions in the United States. This 

highlights the importance of improving building energy efficiency to reduce energy use and utility 

costs as well as providing other collateral benefits (e.g., lower GHG emissions, avoid investment 

in new generation and transmission). To accommodate the growing community which uses its 

public facilities, the Town of Holly Springs is interested in exploring ways to improve building 

energy efficiency as energy costs are a substantial contributor to the Town’s budget. The Town of 

Holly Springs is located in the state of North Carolina and has a humid subtropical climate zone 

(mild winters and hot humid summers). The objective of this Master’s Project (MP) study is 

twofold: 1) to understand energy use in municipal buildings, and 2) to explore potential energy 

efficiency measures for the most energy intensive building. This MP focuses primarily on passive 

building design that helps decrease on-site energy demand for cooling and heating, specifically the 

impact of tree shade on reducing commercial building energy use in an urban area located in the 

Southeastern part of the country.  

The MP begins with an introduction that illustrates the motivation for the study, followed 

by a discussion of the significance of passive building design techniques such as using shade tree 

to reduce building energy consumption. The second section of the MP details the method used to 

evaluate the Town’s energy use to identify the study building, evaluate its energy use, and explore 

energy efficiency measures. Specifically, I used a building simulation tool (eQuest) to establish 

baseline consumption of the building and explored four potential energy efficiency measures that 

included the development of a tree shade model that allows the simulation of shade effects  on 

building energy use. The W.E. Hunt Community Center (HCC) was chosen as it has the greatest 

area, second highest electricity consumption, and third highest utility costs among all Town 

buildings and facilities. A total of four energy efficiency measures were simulated for HCC: (1) 

windows replacement, (2) daylight harvesting control system installation, (3) thermostat setback, 

and (4) single shade tree.  

In the third section, I present the simulation findings and discuss potential energy efficiency 

measures from energy and financial savings perspectives. Among all the measures, a daylight 

harvesting control system installation and single shade tree generated positive net present values; 

window replacement and thermostat setback options did not. While window replacement could 

reduce 11.6% of annual energy consumption and 7.2% of annual utility costs, the simulation 

outputted a net present value (NPV) of $-182,940 with a simple payback period of more than 63.6 

years due to the significant upfront capital cost (~$250,000). The thermostat setback was estimated 

to increase annual energy consumption up to 8% and annual utility cost by almost 3% despite 

having no upfront cost. This was likely due to the building’s large area and less efficient building 

envelope that required more cooling if the temperature were to be setback (e.g., increased) during 

periods of unoccupancy. Unlike the previous two measures, the daylight harvesting control system 

installation measure was expected to generate an annual energy savings of 9.1% and utility savings 

of 6.4% along with a NPV of $33,609 at a simple payback of 7.1 years. Results of eQuest 

simulations estimated the greatest savings for a coniferous tree located 10 ft away from the east 

side of the building. While the most optimal single shade tree placement generated positive energy 



   
 

3 

savings (0.5%), utility cost savings (0.4%), and NPV ($243), the significance of this savings was 

much less as compared to the lighting measure. It is also important to note that the tree shade effect 

on building energy consumption varies geographically due to different climate zones and seasonal 

sun movements. Therefore, it is expected that the results would vary in urban settings at a different 

latitude that has a different climate zone. Before concluding, I also discuss limitations and 

recommendations for the study. 

 Finally, the MP concludes with recommendations for the Town of Holly Springs to pursue 

a daylight harvesting control system installation and single shade tree plantings – both are viable 

options to improve HCC’s energy efficiency. This study also shed light on the importance of 

quantifying the energy conservation benefits of trees in an urban environment as it adds value to 

municipal tree planting efforts in addition to providing other ecosystem benefits (e.g., carbon 

sequestration, storm water reduction).  
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INTRODUCTION 

The Town of Holly Springs, with a population size of 41,239 based on 2020’s census data, is 

ranked the 5th largest town in Wake County1 at North Carolina (Molloy, 2021). Due to its rapid 

population growth and urbanization, the Town is increasingly committed to pursuing sustainable 

development to ensure stable economic growth and improve the community living experience 

without compromising the environment. Likewise, the residents have expressed great interest in 

learning about sustainability initiatives pursued by the Town. In Summer 2020, I interned with the 

Town of Holly Springs and developed a Sustainability Action Plan (SAP) for town-wide 

operations and facilities of the Town through interviews with site personnel and building 

management, in-depth research, site observations, and understanding of the current policies and 

strategies utilized at the town building. The SAP summarized the baseline sustainability 

assessment and provided recommendations on how each department’s practices can be improved 

with a preliminary estimation of the financial cost and complexity level. Of the key practices 

explored, the Town is particularly interested in improving energy efficiency measures for its 

buildings and facilities as energy consumption is one of the greatest contributors to greenhouse 

emissions and energy costs are a substantial contributor to the Town’s budget. In fact, the Town 

not only recognizes the role of energy efficiency in short- and long-term urban development, but 

also has been actively exploring options to promote building energy efficiency through active and 

passive technologies. As such, this Master’s Project (MP) aims to understand energy use in the 

Town, specifically buildings and facilities owned by the Town, and conduct a case study to explore 

 
1 Wake County is the most populous county in the state of North Carolina and is also where the capital, Raleigh, 

resides. 
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energy efficiency measures for one of the most energy-intensive buildings. In particular, I am 

interested in investigating the effect of tree shade on commercial energy consumption.  

Passive Building Design 

To date, there is a vast list of options when it comes to increasing building energy efficiency, 

ranging from using active technologies such as energy efficient lighting to passive technologies 

such as replacing single pane windows with double pane windows to reduce heat exchange (Li et 

al., 2017). This MP focused mainly on utilizing passive design strategies to improve energy 

efficiency of the study building as they are often more cost effective as compared to implementing 

active design approaches (e.g., installing a new heat pump that has an operational cost) while 

reducing the cost of potential active design approaches through reduction in heating and cooling 

load (Marro, 2018). 

While there are many approaches that can be taken to accelerate energy efficiency, there 

has been a growing interest in the inclusion of forests and trees at a variety level of local 

government operations to reduce building energy use. According to Nowak et al. (2016), 

increasing forest and tree canopy extent can significantly reduce on-site energy demand. Through 

the modeling of tree effects in the conterminous United States, they estimated an annual electricity 

savings of 38.8 million MWh that was worth $4.7 billion and thousands of tons of several 

pollutants’ emissions at a value of $3.9 billion for avoided cost of damages to human and 

ecosystem health (Nowak et al., 2016). The national residential energy use with the presence of 

urban forests and trees experienced an average reduction of 7.2%, thus expanding the vast benefits 

of promoting planting efforts to increase urban trees in the future to “fight climate change”. While 

utilizing the tree shade effect to reduce cooling demand over the summer months is gradually 
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gaining traction, the energy savings from tree shade can vary greatly across different geographic 

locations due to climate conditions and measures are found to be more effective in locations with 

warmer summers and milder winters (McPherson et al., 2006). The Town of Holly Springs’s 

climate zone falls in such category, having highs in the 50oFs and lows in the 27oFs during winter 

months, and 89oFs and lows in the 68oFs during summer months (NOAA, n.d.).  Additionally, tree 

planting in urban areas can reduce the urban heat island effect and remains one of the most useful 

mitigation strategies in cooling the surroundings in addition to its carbon sequestration potential, 

which is estimated to be 25.6 million tons ($2.0 billion value) annually (Nowak et al., 2013).  

METHODS 

 

Energy Use 

There are two primary sources of energy for buildings and facilities owned by the Town – 

electricity (e.g., cooling) and natural gas (e.g., heating). Historical electricity data2 from FY2019 

(October 1, 2018) to FY2020 (September 30, 2020) was acquired from Duke Energy Progress 

website through the Town’s account. However, I only analyzed FY2019 data because FY2020’s 

(October 1, 2019, to September 30, 2020) annual energy consumption3 was impacted by COVID-

19. Due to limited time and capacity available from the designated Town personnel, historical 

natural gas data was not acquired for all buildings and facilities as the gas utility bills are in hard 

copies that must be scanned separately. As such, it was assumed that electricity data itself would 

be enough to provide sufficient overview on the consumption trends of building and facilities, 

which would allow identification of energy (i.e., electricity) intensive buildings or facilities. 

 
2 Historical utility data is typically only available for up to two years. 
3 Many of the Town-owned buildings and facilities were either shut down after March 2020 or experienced less 

visitors (e.g., recreational facility, Town hall). 
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Nevertheless, historical natural gas data was acquired for the selected facility where building 

energy audit was performed. This is because tree shade could also contribute to a heating penalty 

as the shading reduces passive solar heat gain through the building envelope during colder months. 

However, this also depends on the tree species as certain types of trees such as deciduous trees 

shed their leaves over the colder seasons, and thus could decrease this penalty. The energy 

consumption from both electricity and natural gas (if present) would be converted to a common 

unit (e.g., kWh) for comparison.  

Building Energy Simulations 

Upon selection of the building to be studied, a building energy audit was conducted where building 

designs (e.g., footprint, envelopes), heating and cooling systems, and operational practices were 

evaluated through blueprints and informational interviews. The data collected was then inputted 

to a building energy simulation tool called eQuest4 (version 3.65) to determine the baseline energy 

consumption and explore energy efficiency measures focused on building envelope, internal load, 

thermostat management, and tree shade. I chose eQuest over other building simulation tools as it 

is a free software that is widely used, allows users to predict energy use and cost for all types of 

buildings as well as investigating the shade effect from adjacent structures or landscapes. Weather 

data for the study location, which consisted of hourly solar radiation and meteorological data (e.g., 

temperature, precipitation, wind speed) for a year that was averaged over a 30-year period to 

represent a “typical” meteorological data, was downloaded from the eQuest DOE website (Wilcox 

& Marion, 2008). The initial simulation was performed without any energy efficiency measures to 

serve as a baseline model and then with relevant measures to determine the differences in energy 

 
4 eQuest is developed by the U.S. Department of Energy (DOE) and Lawrence Berkeley National Laboratory 

(LBNL) (Knox and Clevenger, 2013). 
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consumption (i.e., electricity in kWh, natural gas in MMBtu and converted to kWh) between the 

baseline and other simulations. Along with the energy savings estimation, a life cycle analysis was 

also performed as part of the energy efficiency measure simulations to evaluate the total cost (e.g., 

initial capital costs, maintenance costs, and operating costs) of the measures over a service period 

of 25 years using the relevant utility rate schedule. 

Tree Shade Model 

 
A single tree structure was created in eQuest as an adjacent structure to the building that 

would cast its shadow on the building surfaces during the day. To explore the effects of tree shade 

on the study building, I adopted a mix of directional tree placement locations from Hwang et al.’s 

(2016) study by placing the tree structure at two distances (10ft, 20ft) and eight directions (cardinal 

and inter-cardinal directions). This combination yielded 16 pre-defined locations around the 

building.  

Before creating the tree model, the tree species was selected to determine the dimensions 

of a mature size tree. I selected the tree species based on the following criteria: tree category (e.g., 

evergreen vs. deciduous), optimal crown density, and typical age at its maturity. Once the tree 

species and its dimensions at maturity were determined, a tree shade factor5 was calculated based 

on the age of the species and climate effects using a shade factor database of in-leaf urban trees in 

the USA published by McPherson et al. (2018). Since there were minimal options available to 

create a tree model through polygon shades in the software, a 3D pyramid shape tree model was 

assumed to have the closest resemblance to a real tree. This eliminated the option of the study to 

consider deciduous type trees as they are typically elliptical in shape. To compensate for the 

 
5 Proportion of foliage and branches covering within the perimeter of individual tree crowns. 
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difference in the tree model (instead of cone with tree trunk), the shade factor was multiplied by 

80% before subtracting the value from one to convert it to solar transmittance that can then be used 

with the simulation model6. The visibility and ground reflectance of the tree were retrieved from 

published studies (that will be referenced later) on general spectral properties of trees to simulate 

shade effect in eQuest and stayed constant throughout the year. An annual simulation was 

performed to assess the shading effects that were anticipated to vary across season due to 

difference in sun angle and temperature change between heating and cooling seasons.  

  

 
6 eQuest utilizes solar transmittance to account for shade effect instead of shade factor. Solar transmittance is the 

amount of sunlight that can be transmitted, thus equivalent to 1 – shade factor. 
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RESULTS AND DISCUSSIONS 

 

Energy Use 

The Town of Holly Springs owns and operates over 30 buildings and structures that cover more 

than 300,000 ft2 (about the area of five football field). In FY2019, the Town consumed 8,013,253 

kWh of electricity at a total cost of $722,7967. Although electricity and natural gas are the two 

primary energy sources for the Town facilities, only FY2019 electricity data was analyzed due to 

data availability.  

 

Figure 1 Distribution of Electricity Consumption by Functions 

Water, Sanitation, and Irrigation consumed the most electricity in FY2019 compared to 

other service sectors, making up 57% of the total electricity consumption (Fig. 1). Recreation 

Service is the runner up by consuming 22% of the total electricity, followed by Emergency Medical 

 
7 Values calculated from utility data from FY2018-2020. 
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Services (EMS), Law Enforcement (10%), Town Administration (8%), Public Works (2%), and 

Others (1%). 

While facilities that consume more than 100,000kWh (ranked as “High”) only made up 

about 18% of the Town-owned operations, they were responsible for almost 85% of the utility bill 

(Fig. 2).  

 

Figure 2 Categories of Electricity Consumption Level: High = > 100,000 kWh; Moderately High (50,000 – 99,999) kWh; 

Moderate (10,000 – 49,999) kWh; Moderately Low (5,000-9,999) kWh; Low = < 4,999 kWh 

Among the top five most energy intensive buildings identified in the “High” category, W.E. Hunt 

Community Center (HCC) was chosen for this case study as it has the greatest square footage 

among all Town-owned buildings as well as having the second highest electricity consumption 

and third highest utility cost among all facilities and buildings (Table 1). Additionally, this building 

presented a unique case study as it had undergone a building audit assessment five years ago by a 

local energy service company, where energy efficiency measures focusing on Heating, Ventilation, 

and Air Conditioning (HVAC) systems were recommended and implemented. However, the 
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building’s utility bill remains as one of the biggest contributors to the Town’s utility budget and 

the Town is interested in exploring other options to improve the building’s energy efficiency.  

Building/Facilities FY2019 Electricity 

Consumption (kWh) 
Utility Cost 

($) 

Wastewater Treatment Plant 3,416,000 $229,473.23 

W. E. Hunt Center 703,900 $57,121.38 

Town Hall 678,600 $54,365.62 

Ting Park 627,596 $81,861.55 

Law Enforcement Center 465,000 $35,790.54 
Table 1 Top five most electric intensive facilities and buildings 

Building Performance Simulation of W.E. Hunt Community Center  

 
HCC is a 40,132ft2 recreational facility that is comprised of a gym, a running track, several 

classrooms for after school programs, a basketball court, and multiple offices. It was a former 

school building that was renovated later by adding another level to the original one level building 

that now serves as the running track. The building is open every day throughout the year except 

for public holidays and has the highest traffic of people among all the buildings and facilities in 

Town.  

HCC’s electricity rate falls into the category of Small General Service Time-of-Use (SGS-

TOU) under Duke Energy Progress’s utility rate schedule (Table 2). For natural gas rate, the 

facility is categorized under Medium General Service, with a monthly facility charge of $100 and 

$0.6425/Therm for the first 1,000 Therm followed by $0.5923/Therm for the remaining usage 

(Dominion Energy, 2021). 

Months June – September October – May  

Basic Facilities Charge $35.50 $35.50 

kW Demand Charge On-peak: $13.06/kW  

Off-peak: $1.40/kW 

On-peak: $10.95/kW  

Off-peak: $1.40/kW 

 

kWh Energy Charge On-peak: 5.594¢/kW  

Off-peak: 4.277¢/kW 

On-peak: 5.594¢/kW  

Off-peak: 4.277¢/kW 

 
Table 2 Electric Rate Schedule of HCC (Duke Energy, 2021) 
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The building is divided into five zones that are handled by a HVAC system consisting of 

five air handler units (AHU) (respective to each zone, e.g., AHU#1 regulates temperature in Zone 

1), two boilers, and two closed loop chillers (Fig. 3). HCC uses electricity primarily for cooling 

and natural gas for heating. Despite having a more efficient HVAC system installed, the building’s 

AC remains turned on throughout the entire year and the building also does not utilize an 

economizer8 to reduce cooling demand over the summer.  In fact, the temperature is always set to 

68oF throughout the building, particularly Zone 1, 2, and 3, regardless of seasonal change in 

temperature.  

 

Figure 3 HVAC zones and tree placements in 2D form 

While creating the baseline simulation model, only the building itself was included as the 

existing landscape (e.g., highest tree is <15 ft) around the building was assumed to provide limited 

to no shade effect, thus minimal cooling effect. In fact, the absence of taller and denser trees around 

 
8 An economizer evaluates outside air condition (e.g., temperature, humidity) and uses outside air to cool a building, 

when possible, to reduce energy consumption. 
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HCC, especially on the west and south of the building, also provides an opportunity for tree 

planting efforts to be implemented to realize potential savings generated from tree shade effect 

(Fig. 4). 

 

Figure 4 Satellite image from Google Map of HCC shows minimal trees planted around the building 

The HCC model created in the software was oriented north to south with exterior windows 

and doors ratios that approximate to those on the real structure (Fig. 5).  
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Figure 5 Tree form (pyramid) and its placement 20 ft south of the HCC 3D model. Note that the placement of the building’s 

exterior windows and doors do not directly resemble the real building structure but rather the ratio/% 

A total of 45 annual energy consumption simulations were conducted, including a baseline 

model that was developed before incorporating four different energy efficiency measures: (1) 

window replacement, (2) daylight harvesting control system, and (3) and thermostat adjustments, 

(4) directional placement of single tree shade around the building.  

Baseline and non-tree shade energy efficiency measures 

The energy consumption estimated for the baseline model was 789,820 kWh for electricity and 

2,634.4 MMBtu (equivalent to approximately 772,098 kWh) for natural gas within a single-year 

simulation time frame (January through December) (Appendix: Graph). The baseline model was 

well calibrated as the electricity consumption values approximated closely to the utility bill of 

2019 at 791,050 kWh (~2.4% difference) but to a lesser extent for natural gas consumption at 

2,063.1 MMBtu (~28% difference). However, the natural gas consumption estimated by the 

baseline model was closer to the average consumption between May 2018 – April 2020 at 2,355.8 

MMBtu (~14% difference), thus implying modest accuracy of the model. Among all the energy 

efficiency measures simulated, window replacement had the greatest positive energy savings (i.e., 
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cooling and heating), followed by installation of daylight harvesting control system, and negative 

energy savings from thermostat setback to 72oF for either AHU#1 or AHU#2 when compared to 

the baseline model (Fig. 6). As expected, the utility cost decreased the most for window 

replacement, followed by daylight harvesting but spiked up for both thermostat setbacks (Fig. 7). 

Along with the energy consumption evaluations performed by the models, each measure included 

a life cycle cost estimation based on a 5%9 nominal discount rate and 1.75% inflation rate. A 

sensitivity analysis on measures that produced positive net present value (NPV) with varying 

nominal discount rate was also performed to address the potential range of NPV (Appendix: Table).   

 
9 Typical range of discount rates for municipality financed project fall between 3-7% nominal rate based on several 

sources (EPA, 2011; Zerbe Jr. et al., 2002; DOE, 2021). 
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Figure 6 Energy Consumption Comparisons among baseline and non-tree shade energy efficiency measures 
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Figure 7 Annual Utility Bill Comparison (Baseline and Non-tree shade energy efficiency measures) 

1st Energy Efficiency Measure: Windows Replacement 

Replacing old windows with energy efficient windows can immensely improve the 

building energy efficiency as heat loss and gain through windows can be significant throughout 

the seasons. For instance, heat transfer through windows is responsible for up to 30% of heating 

and cooling load in a residential setting (USDOE, n.d.). Due to the geographical and climate setting 

of the building, a more energy-efficient window installation is expected to have a greater cooling 

energy and financial savings during the summer months. Based on the window energy efficiency 

guide for North Central climate zone, a double-pane low-emissivity (low-e) and argon gas-filled 
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window with a 0.26 U-Factor10 and 0.28 Solar Heat Gain Coefficient11 (SHGC) values was picked 

in the simulation to replace the current less efficient windows. A low U-value factor and SHGC 

are desirable because they provide more insulation, thus minimizing heat gain from outside of the 

building through the windows in summer and heat loss from the building interior in colder months.  

At a cost estimate of $250,000 12  for window replacement, the model output estimated an 

impressive net annual energy savings of 92,846 kWh; however, yielded a NPV of $-182,940 with 

a simple payback period of more than 63.6 years (Table 3), thus prohibiting the recommendation 

of this measure. One potential explanation for the net negative cost included the immense window 

replacement cost that were unable to be recovered or generate savings within a 25-year period.  

2nd Energy Efficiency Measure: Daylight Harvesting Lighting Control Installation 

According to the 2012 Commercial Buildings Energy Consumption Survey (CBECS), 

lighting accounted for 17% of the electricity consumption in U.S. commercial buildings (EIA, 

2017). In fact, lighting accounted for about 19% of HCC’s electricity consumption based on the 

baseline model (Appendix: Graph). While 95% of the lighting fixtures in HCC are light emitting 

diode (LED) lights that are more energy efficient, installation of a daylight harvesting lighting 

control system to turn off lights when there is sufficient light remains as a viable energy efficiency 

measure to reduce lighting consumption over time. This is because the existing window area of 

the building is considerably significant (~45%) and one of the observations made during 

walkthrough of HCC include lights that were turned on despite the presence of ample sunlight in 

the building. Moreover, Chandrasekar (2019) estimated that the potential savings generated from 

 
10 The ratio between the rate of heat transfer through a structure and difference in temperature across the structure 

(W/m²K). This is a common value used to evaluate the energy efficiency property of a structure. 
11 The proportion of solar radiation passing through a structure; this unitless value is commonly associated with 

windows to determine their transmittance ability and how much heat can be trapped indoor.  
12 Estimation provided by Greg Eades, Adjunct Assistant Professor for Pratt Engineering School at Duke University. 
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daylight harvesting can achieve up to 24% of lighting consumption in commercial buildings. The 

model simulation with on/off control systems placed at side lighted spaces had a cost estimate of 

$25,00013 for installation. It yielded a net annual energy savings of 72,492kWh and NPV of 

$33,609 at a simple payback of 7.1 years (Table 3).  

3rd Energy Efficiency Measure: Thermostat setback 

Based on a previous interview conducted with the Town’s facilities and buildings manager, 

Zones 1, 2, and 3 must be cooled continuously at a constant temperature of 68oF throughout the 

year to provide the relevant thermal comfort that meets the recommended guideline for a fitness 

and recreational facility (Molloy, 2021). This created a potential opportunity to utilize thermostat 

setback to reduce the operation of the HVAC systems when the building is unoccupied. For this 

case study, the temperature of Air Handler Unit #1 or #2 was increased to 72oF during 

unoccupancy period across the year instead of certain months because life cycle cost comparisons 

among simulations could only be performed for the entire year. While there was no upfront cost 

associated with this measure, this option was not recommended as the model estimated increase in 

energy consumption for both scenarios – 63,972 kWh for AHU#1 setback and 41,244 kWh for 

AHU#2 setback. Both setbacks experienced a negative net cost due to an increase in both annual 

electricity and natural gas consumption. This immense negative cost validates the claim made by 

the facility manager that it is more energy intensive to bring the temperature back to 68oF in a 

 
13 Estimation provided by Greg Eades, Adjunct Assistant Professor for Pratt Engineering School at Duke University. 
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larger commercial building like HCC that is relatively old and has a less energy efficient building 

envelope (Molloy, 2021).  

 

Table 3 Financial savings of baseline model and non-tree shade energy efficiency measures with a performance period of 25 

years based on current utility rate schedule (nominal rate at 5%, inflation rate at 1.75%) 

4th Energy Efficiency Measure: Impacts of a Single Shade Tree on HCC’s Annual Energy 

Consumption 

For this case study, loblolly pine (Pinus Taeda)’s shade factor and spectral properties were utilized 

to perform the simulation because it is a coniferous evergreen tree that has a cone shape and best 

resembles the 3D pyramid structure created in the model. It is also a native species, found 

abundantly in the state of North Carolina, and has a rapid growth rate (NC State Extension, n.d.). 

The tree was assumed to achieve the optimal size at maturity since there would be minimal 

competition with other species, considerable access to sunlight (minimal shading effect from the 

building since it is outdoors and would have access to sunlight at one point during the day), 

therefore allowing growth to full capacity to achieve optimal size and crown capacity (McPherson 

et al., 2018). As such, the tree model was setup to resemble a cone shape at 50ft14  height with a 

width of 20ft. Another factor that was taken into consideration includes the tree shade factor, which 

is in the higher range for loblolly as it is classified as a high-density tree (McPherson et al., 2018). 

The visible and ground reflectance of loblolly pine is based on general spectral properties of 

coniferous trees documented in several studies (Rautiainen et al., 2018; Noda H. M. et al., 2013) 

 
14 Loblolly pine in landscape conditions or urban settings have a shorter mature height (Kluepfel & Polomski, 2020). 

 

1st year LCC 1st year LCC

Energy Efficiency Measures $ PV$ $ PV$ NPV yrs

Window Replacement 92,846                             ($-250,000) ($-250,000) $3,930 $67,060 ($-182,940) 63.6

Daylight Harvesting Control System 72,492                             ($-25,000) ($-25,000) $3,505 $58,609 $33,609 7.1

Thermostat Setback for AHU#1 (63,972)                           $0 $0 ($-1,483) ($-29,019) NA NA

Thermostat Setback for AHU#2 (41,244)                           $0 $0 ($-923) ($-18,273) NA NA

Simple 

PaybackAnnual Energy 

Savings (kWh)

One-Time Costs Total Utility Net Present 

Values
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with limited literature about the ground reflectance, and thus a half of visible reflectance – 0.05 is 

set based on a conservative estimate.  

A total of 35 simulations (28 analyzed) were performed on different placements to 

understand the impact of tree shade on heating and cooling demand across the year. The annual 

cooling energy savings ranges between 170 kWh to 4,760 kWh for different tree placements, with 

the greatest average cooling savings at 3,205 kWh for tree model placed 10ft from the east side of 

the building (Fig. 8). A potential explanation to this observation could be due to the greater 

windows area on the east side of the building, thus maximizing the cooling reduction effect from 

shade tree during warmer months. Positive cooling savings in an average range of 1,900 kWh and 

2,900 kWh were also observed in a tree model placed at 10ft from the south, southwest, west, and 

southeast of HCC. In general, tree models that were located more than 20ft away from the building 

followed the similar savings trend of those 10ft away (with east having the most saving) but did 

not generate as much savings due to the decline in shading effect of a tree further away from the 

building. Among the different tree placements, the south-oriented tree generated the biggest 

difference in cooling energy impact between 10ft and 20ft placement because of the greater sun 

angle when positioned further away from the building.  
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Figure 8 Single tree shade effect on average annual cooling energy consumption 

Unlike the cooling effects observed, the annual heating energy consumption experienced an 

increase between 88 kWh to 3,458 kWh for different tree placements, with the greatest average 

heating penalty at 2,975 kWh for tree model placed 10ft from the west side of the building (Fig. 

9). The range of heating penalties observed was likely associated with considerable shading effect 

generated by coniferous trees during colder months which require more heating to warm up the 

building. In the case of a west-positioned tree, one potential explanation to the significant heating 

penalty included the combined effect of the lower sun angle in the northern hemisphere during 

heating season, complex building structure (instead of a block), and the greater area of windows 

found on the west side of the building, which intensify the heating penalty.  
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Figure 9 Single tree shade effect on average annual heating energy consumption 

In terms of total net energy consumption, the range spanned -1,728 kWh ($37) to 3,939 

kWh ($251) for different tree placements. Although there was an increase in energy consumption 

(1,728 kWh) for trees located at 10ft west of the building, the overall utility bill observed an annual 

savings of $37. This was likely because electricity rate (average $0.08/kWh) is greater than natural 

gas rate ($0.65/Therms15 equivalent to $0.022/kWh) and the amount of cooling savings would 

offset the negative heating savings by almost 3.6 times. Similarly, the greatest average net savings 

observed was at 2,282 kWh for tree model placed 10 ft from the east side of the building (Fig. 10).  

 
15 Unit measurement of natural gas. 1 Therms = 100 kBtu; 3.412 kBtu = 1 kWh. 
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Figure 10 Single tree shade effect on average net energy consumption 

The estimation of simple payback period for tree shade effect was calculated using a 

different approach as the savings generated per year before a tree reaches maturity was not 

analyzed. In this case, an average annual cost was estimated for planting and maintaining conifer 

tree to its maturity at $16 to $25 per tree (McPherson et al., 2006), yielding a total average cost of 

(assuming tree reaches its maturity or max height in 20 years) $40016. Assuming an annual savings 

of $251 after year 20 and no savings prior to maturity, the simple payback starting at year 21 would 

be 1.68 years (Appendix: Calculation Part 1). On the other hand, the NPV of planting a single tree 

over 25 years at 5% nominal discount rate and 1.75% inflation rate was estimated to be $243 

(Appendix: Calculation Part 2).  

Although the potential energy and financial savings estimated from a single tree planting 

produced less significant savings compared to the daylight harvesting control system measure, 

 
16 An average cost of $20 was used and multiplied by 20 years  
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using the tree shade effect to reduce net energy consumption remained as a viable low-cost option 

and should be considered (Table 4). It is also important to consider other benefits from the 

environmental, economic, and social perspectives that could be achieved through tree planting. 

For instance, the presence of trees can help regulate and reduce stormwater runoff in addition to 

improving the runoff water quality. A dense grouping of evergreen conifers is also a good 

candidate for windbreaking harsh winter wind by decelerating the prevailing wind and lowering 

cold air filtration through the building envelope, thus conserving energy heat in the building 

(Wiseman, 2019). Urban tree canopies have also received increasing attention in mitigating urban 

heat island effects, which has made trees even more valuable in advancing urban sustainability.  

 

Table 4 Comparison among all energy efficiency measures in terms of annual % savings and feasibility 

LIMITATIONS 

One of the limitations posed by this study includes the simplified simulation conditions while 

developing the building footprint in the software. For instance, a maximum floor to ceiling height 

of 31ft was inputted as the software only allowed one specific height to be applied but the ceiling 

height is not the same across the building. For instance, Zones 1 and 2 are 31 ft and the rest of the 

zones are approximately 16 ft. However, it is important to note that the baseline model 

consumption aligns with the actual utility consumption, thus suggesting some degree of accuracy 

Energy Efficiency Measures Energy Utility NPV

Window Replacement 11.6% 7.2% -$182,940

Daylight Harvesting Control System 9.1% 6.4% $33,609

Thermostat Setback for AHU#1 -8.0% -2.7% NA

Thermostat Setback for AHU#2 -5.2% -1.7% NA

Single Shade Tree 0.5% 0.4% $243

Annual % Savings 
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in the simulation model. There was also a lack of option to include thermostat setback for warmer 

months only to shed off cooling demand during unoccupancy periods. 

Additionally, a one-size mature tree instead of different tree sizes was incorporated for this 

case study and the potential savings generated when the tree grew over time was not considered. 

To overcome further limitations resulted from a simple tree model structure, the tree shape was 

compensated by a factor of 0.8 while calculating the shade factor. Previous studies also found 

minimal savings from small trees less than 7.3m (~23 ft) (Hwang et al., 2015). In terms of planting 

effort, it might be limited to available ground around the building as the optimal directional tree 

placement could overlap with existing structure (e.g., asphalt road). Nevertheless, this study 

provided theoretical estimate of how tree shade could influence building energy use, thus allowing 

similar effort to be applied on another Town-owned facility with more available ground.  

The omission of evapotranspiration cooling effects could also undermine the model 

simulation as the aggregate effect of multiple trees can play a role in providing indirect cooling 

effects to neighboring structures (McPherson and Rowntree, 1993). Despite the potential benefit(s) 

of utilizing a deciduous tree model, a deciduous tree model was not created due to the absence of 

a tree shape alteration function (trees could only be drawn in pyramid shape instead of an elliptical 

shape) and the limited run period (i.e., entire year simulation option) to simulate seasonal foliage 

in eQuest. 

FURTHER STUDIES 

To further explore the tree shade benefits on energy consumption, an alternative would be to 

simulate a deciduous tree that has seasonal foliage across the year, where heating penalties could 

be decreased substantially with the absence of foliage during colder months. Hwang et al. (2018) 
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concluded that south-positioned coniferous trees led to greater heating penalties during winter 

months as compared to deciduous trees. Their findings estimated an additional energy 

consumption of 134kWh in a residential structure simulated with single coniferous tree due to the 

interaction of the tree’s parabolic shape with lower sun angles (Fig.11). The study, however, did 

not explicitly discuss the difference in magnitude of savings generated from the different types of 

trees. While the number of studies on tree shade effects on building energy consumption are 

increasing, there are limited studies that explore the effects of different tree shapes and types on 

building energy consumption. This appears to be an important opportunity for future research, as 

understanding the interaction between tree forms and sunlight is critical in promoting energy 

conservation benefits of urban trees. 

 

Figure 3 Interaction of sunlight with different tree form at a low sun angle. Picture adopted from Hwang et al. (2016) 

Other software such as EnergyPlus could be considered in future studies to perform a more 

advanced simulation that allows incorporation of different tree shapes. Nowak et al. (2016) utilized 

i-Tree Eco to conduct a national scale assessment (based on canopy cover of 30 cities across the 

country) on how shade, windbreaks, and local climate (weather) conditions governed building 

energy use as well as carbon emissions. Another tool that could be useful in studying tree shade 
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cooling effect in urban setting includes the application of geospatial analysis tool such as ArcGIS. 

Yu et al., (2020) quantified spatial and temporal variation of tree shade by combining hillshade 

function and LiDAR17 data and found a significant negative correlation (p < 0.01) between tree 

shade and land surface temperature from 7am to 10am in Tampa (FL) and New York City. 

Alternatively, a multi-tree model instead of a single tree model could be developed to 

explore the aggregate effect of tree shade on the property.  For instance, each round of simulation 

could increase the number of trees by a unit (starting from one to however many that can be placed 

at an equal distance apart) around the building and evaluate the relationship (e.g., correlation) 

between the number of trees and building energy use annually. A potential collateral benefit of 

multi-tree planting in an urban setting includes localized cooling that could improve human 

thermal comfort, thereby serving as a microclimate adaptation strategy (Pataki et. al., 2021). 

CONCLUSION  

This case study provided a unique opportunity to explore a variety of energy efficiency measures 

that could help lower the Town of Holly Springs’s utility expenditures using eQuest. In particular, 

the study evaluates how a single shade tree influences annual energy consumption of a commercial 

building located in the southeastern of U.S. While the type of trees (i.e., deciduous vs. evergreen) 

could influence the overall net building energy use, this study was able to contribute insights on 

how tree shade affects building energy use through directional tree placement and the importance 

of qualifying tree planting as a low-cost passive design strategy to improve commercial building 

energy efficiency in an urban setting.  

 
17 A remote sensing detection technique that functions similarly to radar but uses light in the form of pulsed laser. 
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Among all the energy efficiency measures, windows replacement is not recommended due 

to the significant high upfront replacement cost that would not be able to offset savings achieved 

through utility bills. Similarly, thermostat setbacks are not recommended because of the escalated 

energy consumption and immense utility cost spike in tens of thousand dollars that resulted from 

the measure (Table 3). On the other hand, the greatest energy and financial savings were estimated 

from daylight harvesting light control system. To maximize energy conservation benefits of a 

shade tree, planting efforts should be prioritized on the east and ideally 10ft away from the building 

as a potential 3,939 kWh ($251) annual net savings could be generated. In summary, it is 

recommended that the Town should pursue the daylight harvesting control system and tree shade 

measures in the next few years concurrently. Since it would take more than two decades for the 

tree planting effort to bear fruit, discussions with a landscaping contractor to identify planting 

opportunities (e.g., cost of planting) would be the necessary first step for this measure.  

Given the Town’s objective to improving building energy efficiency in its current facility 

operation, this study could be replicated on other buildings but with a note that the energy 

consumption impact would vary as it depends on the building structure (e.g., window-to-wall ratio 

for a window replacement scenario) and surrounding landscape. With more refining in the 

simulation process of tree shade effect, the energy conservation benefits of trees could be projected 

in a broader scale for urban planning purposes in the Town.  
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APPENDIX 
 
Graph: Baseline Model  
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Table: Net savings at different nominal rate (3% - 7%)  

Note: Using inflation rate of 1.75% within a 25-year study period 

 

 

Calculations: Tree Financial Savings 

Part 1: Simple payback period from year 20: 

𝑆𝑖𝑚𝑝𝑙𝑒 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑓𝑜𝑟 𝑡𝑟𝑒𝑒 𝑠ℎ𝑎𝑑𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 =
𝑢𝑛𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑎𝑛𝑛𝑢𝑎𝑙 𝑛𝑒𝑡 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤
 

                                                                              =
$400 + $20 (𝑎𝑡 𝑦𝑒𝑎𝑟 21)

$250 (𝑎𝑡 𝑦𝑒𝑎𝑟 21)
= 1.68 𝑦𝑒𝑎𝑟𝑠 

Part 2: NPV of single tree planting at 5% nominal rate, 1.75% inflation rate (using Excel) 

 

 
 

Energy Efficiency Measures 7% 6% 5% 4% 3%

Window Glass Type EEM ($-195,912) ($-189,940) ($-182,940) ($-174,696) ($-164,934)

Daylight Harvesting Control System $22,304 $27,510 $33,609 $40,792 $49,294

Single Shade Tree $93 $158 $243 $353 $496

Nominal rate

Time periods Cash Flows Present Value

0 (20)$                (20)$                            

1 (20)$                (19)$                            

2 (20)$                (19)$                            

3 (20)$                (18)$                            

4 (20)$                (18)$                            

5 (20)$                (17)$                            

6 (20)$                (17)$                            

7 (20)$                (16)$                            

8 (20)$                (15)$                            

9 (20)$                (15)$                            

10 (20)$                (15)$                            

11 (20)$                (14)$                            

12 (20)$                (14)$                            

13 (20)$                (13)$                            

14 (20)$                (13)$                            

15 (20)$                (12)$                            

16 (20)$                (12)$                            

17 (20)$                (12)$                            

18 (20)$                (11)$                            

19 (20)$                (11)$                            

20 (20)$                (11)$                            

21 231$               118$                           

22 231$               114$                           

23 231$               111$                           

24 231$               107$                           

25 231$               104$                           

243$                           NPV

Assumptions:  

1. Initial investment cost and following annual 

maintenance cost to be $20 

2. No savings generated until year 21 

3. $251 annual savings at year 21 based on tree 

model simulation 
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