
ORIGINAL PAPER

The effectiveness of Light Rail transit in achieving regional CO2

emissions targets is linked to building energy use: insights
from system dynamics modeling

Andrew Procter1
• Andrea Bassi2 • Jenna Kolling1

• Llael Cox1
• Nicholas Flanders1

•

Nadav Tanners3
• Rochelle Araujo4

Received: 5 August 2016 / Accepted: 13 February 2017

� Springer-Verlag Berlin Heidelberg (outside the USA) 2017

Abstract Cities worldwide face the challenges of accom-

modating a growing population, while reducing emissions to

meet climate mitigation targets. Public transit investments

are often proposed as a way to curb emissions while main-

taining healthy urban economies. However, cities face a

system-level challenge in that transportation systems have

cascading effects on land use and economic development.

Understanding how an improved public transit system could

affect urban growth and emissions requires a system-level

view of a city, to anticipate side effects that could run counter

to policy goals. To address this knowledge gap, we con-

ducted a case study on the rapidly growing Research Tri-

angle, North Carolina (USA) region, which has proposed to

build a Light Railway by 2026 along a heavily used trans-

portation corridor between the cities of Durham and Chapel

Hill. At the same time, Durham County has set a goal of

lowering greenhouse gas emissions by 30% from a 2005

baseline by 2030. In collaboration with local stakeholders,

we developed a system dynamics model to simulate how

Light Rail transit and concurrent policies could help or

hinder these sustainable growth goals. The Durham–Orange

Light Rail Project (D–O LRP) model simulates urban–re-

gional dynamics between 2000 and 2040, including feed-

backs from energy spending on economic growth and from

land scarcity on development. Counter to expectations,

model scenarios that included Light Rail had as much as 5%

higher regional energy use and CO2 emissions than business-

as-usual (BAU) by 2040 despite many residents choosing to

use public transit instead of private vehicles. This was largely

due to an assumption that Light Rail increases demand for

commercial development in the station areas, creating new

jobs and attracting new residents. If regional solar capacity

grew to 640 MW, this would offset the emissions growth,

mostly from new buildings, that is indirectly due to Light

Rail. National trends in building and automobile energy

efficiency, as well as federal emissions regulation under the

Clean Power Plan, would also allow significant progress

toward the 2030 Durham emissions reduction goal. By

simulating the magnitude of technology and policy effects,

the D–O LRP model can enable policy makers to make

strategic choices about regional growth.

Keywords System dynamics � Regional model � CO2

emissions � Energy use � Public transit � Urban

sustainability

Introduction

More than half the world population is now urban, and sus-

tainable development challenges will increasingly be found

in cities (UN 2015). Curbing energy use and CO2 emissions

while accommodating a growing population is a common

urban challenge, and even a paradox (Rees and Wackernagel

1996). A widely promoted strategy to meet this challenge is
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compact, public transit-oriented urban development (Rick-

wood et al. 2008). The strategy holds that more compact

cities reduce private vehicle use and encourage public

transportation use, which is more energy efficient than pri-

vate vehicle use (Newman and Kenworthy 1989; Ewing et al.

2008). However, for a clearer picture of how transit-oriented

development impacts urban energy use, buildings must also

be considered. In cities, buildings may consume twice as

much energy as transportation (Steemers 2003), but the

effects of increased density on building energy use are not as

well understood (Rickwood et al. 2008; Larivière and

Lafrance 1999) or not emphasized in transportation research

(Gallivan et al. 2015; Transportation Research Board 2009)

which often focuses on reducing VMT (vehicle miles trav-

eled). We developed an urban system model to clarify how

transit and compact development interact to affect urban

energy use, and to identify potential side effects that enhance

or detract from system-wide emissions reduction.

As a case study, we modeled the rapidly growing

Research Triangle region of North Carolina (USA), which

is planning to build Light Rail by 2026. The population in

the Research Triangle is expected to double from the 2005

level by 2035 (Triangle Regional Transit Program 2012).

To improve mobility, prevent sprawl, and concentrate

growth along a transportation corridor, Durham and

Orange counties are planning for Light Rail transit. At the

same time, Durham County has set a goal of reducing

carbon emissions 30% from a 2005 baseline by 2030

(ICLEI 2007). Progress toward these multiple regional

goals can be projected with a computer model that fore-

casts the population, technology, and economic trends

behind energy usage. In this paper we present the Durham–

Orange Light Rail Project (D–O LRP) System Dynamics

(SD) model to simulate how and to what extent the LRT

and concurrent policies may affect regional energy usage

and CO2 emissions. The model was built in collaboration

with stakeholders, including local sustainability, trans-

portation, and urban planning officials.

Research questions and approach

Using the model, we address four main questions: (1) To

what extent does the densification associated with Light

Rail affect regional energy consumption and CO2 emis-

sions? (2) To what extent does Light Rail affect energy

consumption and emissions by offsetting vehicle miles

traveled (VMT) by car? (3) What is the relative magnitude

of regional influences (Light Rail, transit-oriented devel-

opment, solar capacity increase) versus outside influences

(gasoline price, national trends in building, and vehicle

energy efficiency) on regional energy outcomes? (4) Which

regional strategies most effectively reduce energy con-

sumption and CO2 emissions?

The D–O LRP SD model simulates features of the

regional energy and economic systems between 2000 and

2040, with and without Light Rail. By presenting results as

a time series, the model expands on existing regional

studies such as the Durham Greenhouse Gas Plan (ICLEI

2007), the Imagine 2040 regional plan (TJCOG 2013), and

the Environmental Impact Statement for the Light Rail line

(GoTriangle 2016) which present one baseline year (2005

or 2010) and one future year (2030 or 2040). Time series

projections allow model users to examine both the mag-

nitude and shape of trends. In addition, the use of a system

dynamics model with a few seconds runtime enables many

scenarios to be explored, compared to land use trans-

portation models that require hours to run.

Literature context

Previous studies suggest that Light Rail transit can improve

urban energy use efficiency, but with limitations. A global

study on urban transportation energy use (Kenworthy

2008) found that in all regions, Light Rail used less energy

per passenger-mile than automobile and was more energy

efficient than bus, except in Eastern European cities.

Nahlik et al. (2014) found that, over a 60-year period,

transit-oriented development in Phoenix, AZ, could reduce

total energy consumption and GHG emissions 40% com-

pared to business-as-usual. Chester et al. (2013) found that

the Los Angeles Gold Light Rail system could achieve life-

cycle energy and GHG reductions, but only if at least 25%

of riders had shifted from automobiles. Although much of

the literature supports Light Rail as an energy efficiency

strategy, there are known detractors; O’Toole (2008) sug-

gests that energy-efficient automobiles may be more

effective than Light Rail at reducing energy usage and CO2

emissions, due to the large amount of energy required to

build rail lines. In addition, the studies we cite on Light

Rail energy use have, with the exception of Nahlik et al.,

not included effects of Light Rail on building development;

we hypothesize that this is a key factor in how Light Rail

affects regional energy use.

Because vehicles and buildings are major energy con-

sumers, urban energy and emissions trends reflect trans-

portation and land use patterns (Rickwood et al. 2008). We

modeled these patterns using system dynamics, due to its

ability to describe system interactions and feedback. System

dynamics models represent a system as a network of stocks,

flows, and information exchanges (Sterman 2000). In an

urban system, stocks may include population, road length,

and investment (Forrester 1969). Associated flows include

immigration/emigration, new road construction, and tax

revenue. Information exchanges include indicators such as

congestion (calculated in real time as peak traffic travel time/

free flow travel time). SD theory originated in business
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management (Sterman 2000), but has been applied to diverse

systems including cities (Duran-Encalada and Paucar-Cac-

eres 2009), water resources (Fiksel et al. 2013, Van Rooijen

2009), and climate (Sterman et al. 2012).

System dynamics models have often been used to

forecast energy use and emissions in Asian cities, where

rapid growth presents challenges for energy policy. Han

and Hayashi (2008) used system dynamics to simulate CO2

emissions from inter-city transport in China. They found

that policies encouraging railway development, slowing

highway growth, and imposing fuel taxes would result in

the most CO2 reductions, about 30% compared to business-

as-usual by 2020. Their analysis was focused on trans-

portation and did not include building energy use. Fong

et al. (2009) considered both transportation and building

energy use, modeling CO2 emissions within an urban

region of Malaysia, and found that a policy combination

including vehicle and manufacturing energy efficiency,

renewable energy, reduced rural–urban migration, invest-

ment in public transportation, and an economic shift toward

service industries could reduce emissions 60% from a 2025

business-as-usual (BAU) scenario. A similar model in the

USA is the IBM System Dynamics for Smarter Cities

model (Hennessy et al. 2011), which integrates many urban

sectors including economy, housing, education, public

safety, health, transportation, emissions, and utilities. The

model is applied to Portland, Oregon, for a 25-year plan-

ning horizon, but energy and emissions scenarios have not,

to our knowledge, been published. Given these examples

from literature, our model contributes to the field by (1)

analyzing energy and emissions scenarios in an eastern US

city; (2) considering both transportation and building

energy use, linked by economic growth; and (3) anchoring

on an ongoing transit project as way to explore regional

scenarios.

Based on this literature background, we hypothesized

that rail and associated densification would reduce VMT as

well as regional energy consumption and CO2 emissions.

We hypothesized that these factors would be more affected

by outside influences (energy efficiency trends, gasoline

prices) than regional influences (Light Rail, compact

development, solar panel installation). Also we hypothe-

sized that a combination of Light Rail, dense redevelop-

ment, renewable energy, and higher fuel costs might most

effectively reduce regional emissions.

Methods

Study system

We divided the modeled system into two geographic

boundaries. The outer boundary, which we named Tier 2, is

the Durham–Chapel Hill–Carrboro Metropolitan Planning

Organization (DCHC MPO) area. The DCHC MPO is a

Metropolitan Planning Organization (MPO) for trans-

portation planning (Fig. 1). It covers an approximately 560

square mile area that includes the city of Durham and the

towns of Chapel Hill, Carrboro, and Hillsborough. As of

2010, the DCHC MPO population was 403,000 (Organi-

zation 2012). In addition, the D–O LRP calculates outputs

for a boundary within Tier 2: the combined area of half-

mile radius zones surrounding each of the proposed Light

Rail stations, referred to as Tier 1. A half-mile radius was

chosen because urban planners usually consider it the

maximum walking distance to a public transit station.

Although Tier 1 is essentially a parallel model to Tier 2—

containing similar features but functioning indepen-

dently—under all scenarios except Business-as-Usual,

changes in Tier 1 cause changes in Tier 2 variables, since

Tier 2 contains Tier 1.

The Light Rail proposal has generated active local

debate, which represents issues that other communities

would face if they pursued transit-oriented development.

Projected to cost $1.47–1.62B (2015 dollars) to build

(GoTriangle 2015), it is a large infrastructure project

requiring federal (50%), state (25%), and local (25%)

funding (DCHC MPO, Triangle Transit Board of Trustees,

and Durham Board of County Commissioners 2011). Pro-

ponents argue that the 17-mile rail line between Durham

and Chapel Hill, NC, would concentrate development near

the Light Rail stations, reducing sprawl. High-density

mixed-use development within the proposed transit

Fig. 1 Map of the D–O LRP SD model geographic tiers. Note: TRM

TAZs refer to traffic analysis zones of the triangle regional model, the

transportation model used by local planners
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corridor has been adopted by local governments as a

growth management strategy (Triangle Regional Transit

Program 2012). In contrast, rail opponents argue that the

rail ridership projections (20,000–25,000 riders in 2040)

are higher than what the area’s population density would

support, and note that local residences would be disrupted

by construction and use of the rail operations and mainte-

nance facility (GoTriangle 2015, 2016; Grubb 2015).

Stakeholder involvement

In the first phase of our modeling effort, a conceptual

model for the D–O LRP model was designed with a high

degree of input from stakeholders, including representa-

tives from the regional transit authority, county sustain-

ability and health departments, as well as city and regional

land use and transportation planning departments. This

form of stakeholder-driven modeling has been practiced for

traffic congestion and air quality issues in Las Vegas (Stave

2002) and regional water planning challenges along the Rio

Grande (Tidwell et al. 2004), and for water and economic

planning in Maui, HI (Bassi et al. 2009). Involving stake-

holders allows discussion of their mental models and can

improve trust in the resulting computer model. The D–O

LRP conceptual model served as a framework for the

operational SD model, which evaluates a number of policy

scenarios, many of which were suggested by stakeholders.

D–O LRP model construction

Using Vensim software (Ventana Systems, Harvard, MA)

we built a system dynamics model simulating regional and

urban growth in the DCHC MPO area. Variables in the

model are simulated between 2000 and 2040, with a time

step of 1/16 year (22.8 days), allowing a scenario to be run

within a few seconds. During model building, we iterated

between creating causal loop diagrams (CLDs) and using

them to code the model. A CLD depicts material stocks and

flows, information transfer between variables, as well as

feedback loops.1 The CLD is then coded into a system

dynamics mathematical model using Vensim software.

Besides simulation, Vensim allows sensitivity tests to

determine how system output differs across a range of

parameter values, such as the degree to which Light Rail

stimulates demand for commercial building. The model

was subjected to rigorous quality assurance tests, including

parameter and structural sensitivity tests (US EPA 2016).

Causal loop diagrams (CLDs)—full model

and energy sector

The model consists of seven integrated sectors, detailed in

US EPA (2016). The core sectors are land use, economy,

energy, and transportation; outcome-oriented sectors are

water, health, and equity. This paper focuses on the core

sectors, which are more directly connected to energy use.

There are linkages both within and between sectors, to

allow consistency across variables and feedbacks between

sectors.

Figure 2 presents a CLD for the energy sector of the

model, which includes variables from the other three core

sectors. Some variable names have been simplified for

clarity, and the coded model contains many more variables.

Total energy use in the model is directly affected by: (1)

changes in the energy efficiency of buildings and vehicles,

(2) changes in residential and nonresidential building stock

and vehicle miles traveled (VMT), (3) changes in the use of

public transportation, and (4) changes in the proportion of

residential building types [e.g., single family (SF) vs

multifamily dwelling units] and commercial density

through redevelopment. These changes in energy use by

buildings and vehicles, along with any growth in renewable

energy (solar or landfill gas), also affect modeled CO2

emissions.

The connections forming the key feedback loops

through the energy sector are shown in Fig. 2. Energy

spending represents either a balancing or reinforcing loop

on building and vehicle energy use (B1–B4/R1–R4). The

loops are balancing if energy spending increases relative to

gross regional product (GRP), e.g., if energy spending/GRP

increases, GRP decreases; thus, employment decreases,

which decreases building energy use by decreasing non-

residential sq ft (B1) and by decreasing net migration and

population, which decreases dwelling units (B2) as well as

VMT and vehicle energy use (B3), which complete the

loop by decreasing energy spending. Similarly, if energy

spending/GRP increases, GRP decreases, VMT per capita

decreases, which decreases VMT and vehicle energy use

(B4), opposing the original increase in energy spending.

All four of these loops become reinforcing (R1–R4) if

energy spending decreases relative to GRP, leading to

higher GRP and further decrease in energy spending as a

share of GRP. Additional reinforcing loops cause GRP to

grow by increasing employment (R5) and nonresidential sq

ft (R6). On the left side of the diagram, congestion and

mode choice form additional balancing loops: if VMT

increases, so does congestion, which leads people to drive

less, reducing VMT (B5). Congestion also reduces VMT

by increasing public transit and nonmotorized travel (B6)

as well as fuel cost per VMT (B7). In Fig. 2, many of the

drivers of energy use, such as VMT, public transit

1 Reinforcing and balancing loops amplify and limit change in the

system, respectively. For example, VMT increases road congestion,

which decreases VMT in a balancing feedback loop.
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ridership, and the building stock, are calculated in the

transportation and land use sectors of the model, described

in US EPA (2016). A detailed description of the energy

sector, including calibration to historical data, is presented

in Online Resource 1.

Modeled scenarios

The three main modeled scenarios (Business-as-Usual,

Light Rail, and Light Rail ? Redevelopment) are described

in Table 1. Each scenario is modeled between the years

2000 and 2040, which matches the 2040 horizon used for

regional planning (TJCOG 2013) as well as the Environ-

mental Impact Statement for the Durham–Orange Light

Rail (GoTriangle 2015). Beginning simulations in 2000

allows model calibration to historical data. Railway con-

struction is proposed to begin in 2020, and so effects of the

Light Rail scenarios develop after that year. Besides these

scenarios, the model contains several energy policy and

technology options. These include improved building and

vehicle energy efficiency, higher solar capacity target,

higher gasoline prices, and implementation of the federal

Clean Power Plan. The building or vehicle efficiency

options improve these efficiencies beyond national effi-

ciency trends projected by the EIA Annual Energy Outlook

(2015a). The solar capacity target in 2040 is a user-defined

limit to solar capacity growth; based on North Carolina

Sustainable Energy Association data (2015), the D–O LRP

model default estimates conservatively that Tier 2 solar

capacity will level off at 40 MW (megawatts) by 2020. We

also explore scenarios with higher solar capacity, but in

each case the growth rate is calibrated to historical solar

capacity data and assumes growth slows as capacity

approaches the target. The high gas price scenario assumes

that the average gasoline price increased $1 in 2016 (equal

to its 2012 peak of $3.52/gal) and then continues to
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increase by the same annual rate as in the BAU scenario,

reaching $5.23/gal by 2040 compared to $3.74/gal in BAU

2040. All prices are in 2010 USD (US dollars). This sce-

nario is a sensitivity test of gasoline price as well as a test

of how the recent downward trend in gasoline price may be

affecting regional energy usage. The Clean Power Plan

scenario reflects EPA targets for reducing carbon emissions

from fossil-fuel-fired power plants (US EPA 2015a, c).

Although the plan gives states the option to achieve

emission reductions through renewable energy standards or

residential energy efficiency improvements, we focus the

scenario on emission factor reductions from power plants.

The scenario represents the North Carolina-specific goal

(US EPA 2015b) of a linear 23% reduction in ‘‘ton CO2 per

kWh’’ between 2022 and 2030.

Results

Impact of Light Rail scenarios on energy use

Contrary to our hypothesis, the Light Rail scenarios had

higher regional energy use than Business-as-Usual (BAU)

(Fig. 3) because the model assumes Light Rail stimulates

demand for commercial development. Increased commer-

cial (nonresidential) development in the model leads to

population and economic growth (reinforcing loops R2 and

R5 in Fig. 2), which increase regional energy use by

increasing VMT (R3, R4) and the total building stock (R1,

R2). We connected Light Rail and demand for nonresiden-

tial development because the local transit planning agency

asserted that Light Rail would encourage economic devel-

opment in the station areas; however, the magnitude of this

development is unknown. By default, the model assumes a

10% increase2 in demand for Tier 1 retail, office, and service

sq ft in the Light Rail and Light Rail ? Redevelopment

scenarios. Varying this assumption between 0 and 15%

reveals a similar range of total energy use outcomes (Fig. 3).

In the Light Rail scenario with 0% change in commercial

development demand, total energy use at Tier 1 is only 0.7%

Table 1 Main modeled scenarios

Scenario Abbreviation Description

Business-as-Usual BAU Represents expected results if current demographic, land use, and transportation trends

continue and serve as a baseline to contrast with the other scenarios described below. Neither

Light Rail nor redevelopment is implemented

Light Rail LR Represents the implementation of the 17-mile Light Rail transit (LRT) line by 2026 between

Durham and Chapel Hill and also deviates from the BAU scenario as follows:

Assumes LRT motivates more people to use public transit than an equal number of bus service

miles

Assumes LRT increases usage of the entire public transit system, including buses

Assumes a 10% increase in demand for developed nonresidential (excluding industrial) floor

space in Tier 1 (station areas), gradually phased in during the 6-year period of Light Rail

construction (2020–2026). This scenario as well as LR ? R (below) does not differ from

BAU before 2020

Light Rail ? Redevelopment LR ? R Represents the implementation of the LRT line with additional changes to zoning to encourage

land redevelopment and increased density around the station areas. Redevelopment is the

replacement or improvement of older buildings by newer structures

Assumes 20% of station-area-developed land is redeveloped to almost three times its existing

density by 2040, starting in 2020 in anticipation of the rail
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Fig. 3 Sensitivity of Tier 1 energy use to the assumed percent

increase in commercial development due to Light Rail. The Light Rail

scenario defaults to a 10% demand increase for retail, office, and

service sq ft

2 This increase is gradually phased in during the 6 years of Light Rail

construction (2020–2026). Ten percent was chosen to be a conser-

vative estimate of how Light Rail affects commercial development.

Property values of businesses near rail stations are known to increase

(Cervero and Duncan 2002; Garrett 2004). Light Rail can also

stimulate economic activity; a report about the Dallas Area Rapid

Transit (DART) Light Rail line (Clower et al. 2014) calculates that

public spending of $4.7B on rail line expansion between 2003 and

2013 resulted in $7.4B of regional economic activity (transactions or

spending) over that time period.
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higher3 than BAU in 2040, showing that almost all of the

increase in total energy use is due to commercial develop-

ment, not the Light Rail itself. With 5 and 15% demand

increase, energy use is 8.6 and 12% higher than BAU in

2040, respectively. The demand increase leads to a larger

building stock, which represents commercial activity and

stimulates GRP growth and more miles traveled by vehicles

(reinforcing loops R2–R6 in Fig. 2), both of which represent

more energy use. In the default Light Rail scenario with 11%

higher Tier 1 energy use than 2040 BAU, 80% of that energy

growth came from increased building stock, 14% from

vehicles (increased VMT), and 6% from Light Rail itself.4 In

summary, energy and emissions outcomes from the model

must be interpreted as a reflection of how much economic

growth the Light Rail would produce.

Assuming Light Rail scenarios stimulate 10% higher

demand for commercial floor space, the model indicates

that regional energy use increases relative to the Business-

As-Usual scenario at both geographic tiers (Tier 2 = DCHC

MPO; Tier 1 = Light Rail station areas). In the BAU sce-

nario, total energy use at Tier 2 is projected to increase from 56

to 79 million MMBtu/year between 2000 and 2040 (Fig. 4a).

In 2040, the Light Rail and Light Rail ? Redevelopment

scenarios have 3.8 and 5.3% higher energy use than BAU,

respectively. Compared to the Light Rail scenario, energy use

growth is higher in Light Rail ? Redevelopment because it

assumes a portion of land is redeveloped to a higher maximum

density in the station areas, which allows more of the default

10% demand increase to be met.

These Tier 2 CO2 emissions outcomes reflect these energy

use increases, with 4.4 and 6.2% higher emissions in the

Light Rail and Light Rail ? Redevelopment scenarios

compared to BAU in 2040. The emissions increases are

proportionately larger than the energy use increases because

building energy use increases proportionately more than

vehicle energy use. In the D–O LRP model, building energy

use (electricity and thermal combined) has higher emissions

intensity (CO2/MMBtu) than vehicle energy use.

Impacts of the Light Rail scenarios on energy use are

proportionally larger at Tier 1, which uses 1/8–1/9 the

energy of Tier 2 and has 1/9–1/12 the population, but

surrounds the Light Rail stations. In the BAU scenario,

total energy use at Tier 1 is projected to increase from 7.4

to 8.8 million MMBtu/year between 2000 and 2040

(Fig. 4b). In 2040, the Light Rail and Light Rail ?

Redevelopment scenarios have 11 and 25% higher energy

use than BAU, respectively. The two Light Rail scenarios

also have 12 and 29% higher CO2 emissions, respectively,

than BAU in 2040. Although Tier 1 is projected to have

higher percentage change in energy and emissions due to

the Light Rail scenarios, the absolute increase is larger at

Tier 2. This is due to projected growth in VMT and building

stock both inside and outside of Tier 1, as a result of rail.

Impact of Light Rail scenarios on VMT

The D–O LRP model projects that the Light Rail scenarios

reduce VMT near Light Rail stations (Tier 1) in the short run

but, contrary to our hypothesis, increase it in the long run

(Fig. 5a). Tier 1 VMT decreases below the BAU scenario in

2026–2028, followed by a long-run increase in VMT due to

economic growth stimulated by rail (reinforcing loop R6 in

Fig. 2), and the assumption that as GRP per capita increases,

people drive more (arrow between GRP, VMT per capita,

and VMT in Fig. 2). At a regional scale (Tier 2, not shown),

the D–O LRP model projects that VMT is 1 and 2% higher

than BAU in 2040 in the Light Rail and Light Rail ?

Redevelopment scenarios, respectively. Tier 2 VMT is 7.6

billion miles/year in 2040 in the BAU scenario. The slight

increase in VMT in the Light Rail scenarios translates into

higher energy and CO2 emissions from passenger vehicles,

despite a national trend of increased passenger vehicle fuel

efficiency. Light Rail does decrease the intensity of driving

(Fig. 5b); Tier 1 VMT per capita is 3.1 miles/person/day

lower in the Light Rail scenario, and 4.2 miles/person/day

lower in the Light Rail ? Redevelopment scenario, com-

pared to BAU in 2040. At Tier 2, VMT per capita is 0.20 and

0.33 miles/person/day lower in Light Rail and Light Rail ?

Redevelopment, compared to BAU in 2040.

CO2 emissions disaggregated by source

The main sources of CO2 emissions in the Tier 2 region are

building electricity use, passenger vehicles, and building natural

gas use (Fig. 6). These represented 56, 33, and 9.4% of total

regional emissions in 2015, respectively (gray bars). In the BAU

scenario, the share of total CO2 emissions from building elec-

tricity use increases to 62% in 2040, while the share from pas-

senger vehicles decreases to 26% (blue bars). Despite an increase

in VMT, total CO2 emissions from passenger vehicles decrease

between 2015 and 2040 in BAU due to an exogenous projection

of increased miles per gallon (MPG) of gasoline (US EIA

2015a). By stimulating economic growth and land development,

the Light Rail scenario increases the share from building elec-

tricity use to 63% by 2040 (green bars.) Water treatment and

distribution, bus operation, and Light Rail operation each con-

tribute less than 1% of regional CO2 emissions. The distribution

of emissions in the Light Rail ? Redevelopment scenario (red

bars) is very similar to the Light Rail scenario in 2040, with 63%

of CO2 emissions from building electricity use, 25% from pas-

senger vehicles, and 11% from building natural gas use.

3 Energy use increases slightly despite the 0% demand increase, due

to a positive feedback involving employment, earnings, population,

and nonresidential sq ft growth.
4 All electricity use for Light Rail is attributed to Tier 1.
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External versus local influences on emissions

To compare the impact of local actions versus external

influences on CO2 emissions, modeled scenarios are shown

with historical data in Fig. 7. Consistent with our hypoth-

esis, external trends, such as building and vehicle effi-

ciency improvement (Fig. 7a), and the federal Clean Power

Plan (Fig. 7b), have a larger projected effect on regional

emissions (Tier 2) than does Light Rail. This depends of

course on the assumptions of our study, especially the

projected trends in building and vehicle energy efficiency,

and the amount by which Light Rail would stimulate GRP.

In addition, building and vehicle efficiency improvement

can happen due to both local and external actions: local

choices on which products to install or buy, and external

technology efficiency trends. With no building or vehicle

energy efficiency improvement, CO2 emissions in Tier 2

would grow 46% between 2005 and 2030 (Fig. 7a, pink

line), while it grows only 27% over that time if building

and vehicle efficiency improvements are assumed (BAU,

blue line). About 60% of this emission reduction is due to

MPG improvement, and about 40% is due to building

energy efficiency improvement.5 CO2 emissions would

grow 34% with MPG improvement but constant building

energy intensity (bright red line). Light Rail scenarios

slightly increase regional CO2 emissions due to their

stimulation of economic growth. By 2040, the Light Rail

and Light Rail ? Redevelopment scenarios have 4.4 and

6.2% higher emissions, respectively, than BAU. Among

the scenarios in Fig. 7b, a scenario with the Clean Power

Plan (CPP), higher gasoline prices, and without Light Rail

would produce the lowest CO2 emissions (bright blue line),

returning to 2006 levels by 2030. Modeled CO2 emissions

between 2007 and 2012 differ from historical data (dashed

line) by\5% on average (mean absolute percent error).

CO2 emissions sensitivity to key energy sector

variables

The relative influence of local and external activities on CO2

emissions in the model can also be seen through sensitivity
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5 These include a 14% reduction in residential energy use intensity

(EUI), an 11% reduction in commercial and industrial EUI, as well as

an 80% increase in average vehicle MPG between 2015 and 2040.
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testing (Table 2). In this table, a linear ±10% change in key

energy sector input variables is made between 2017 and

2040, and resulting changes in year 2040 model outputs are

presented. Total CO2 emissions at Tier 2 are most sensitive to

a change in building energy intensity (energy use per sq ft),

electricity CO2 emissions factor, and MPG, in that order.

Decreasing building energy intensity by 10% decreases

emissions by 7.2%, while decreasing electricity emissions

factor by 10% decreases emissions by 6.3%. (The Clean

Power Plan essentially attempts to decrease electricity

emissions factor, the amount of CO2 emitted per unit elec-

tricity used) Increasing MPG by 10% decreases emissions by

1.9%. Emissions are proportionately less sensitive to chan-

ges in gasoline price, solar capacity, and Light Rail ridership,

with a 10% change in these causing a 0.4–0.01% change in

regional CO2 emissions.

The output sensitivity to energy variables such as elec-

tricity emissions factor or MPG is due to relative size of

these energy uses—most CO2 emissions in the model come

from building electricity use, followed by vehicle gasoline

consumption (Fig. 6). Regional emissions are relatively

insensitive to solar capacity because it currently fills a

small fraction of community energy use, despite it being

modeled as carbon neutral. Solar capacity would need to

grow about tenfold to fulfill more than a few percent of

community energy use.

Table 2 also presents cross-sector effects resulting from

changes in energy use variables. One major synergy is that

besides decreasing CO2 emissions substantially, a 10%

decline in building energy intensity also boosts gross

regional product nearly 1%, because it lowers energy

spending. One trade-off is that although 10% higher MPG

reduces CO2 emissions and boosts GRP, it also increases

VMT and congestion as side effects of economic growth.

Increasing gasoline price also presents a trade-off, because it

reduces CO2 emissions, VMT, and congestion, but also

reduces GRP. Although the model incorporates elasticities

such as a negative effect of gasoline price on VMT (loop B7

Fig. 6 Regional (Tier 2) CO2 emissions by source: 2015 and 2040.

CO2 emissions are attributed to energy use in the Tier 2 geographic

region, regardless of where the energy was generated
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in Fig. 2) and feedbacks such as the balancing feedback of

energy spending on GRP (loop B1 in Fig. 2), a 10% change in

major energy variables yielded less than 2% change in these

cross-sector indicators by 2040. Other sectors of the model

including land use (represented by nonresidential sq ft),

transportation (represented by VMT and congestion), and

economy (represented by GRP) are therefore relatively

insensitive to a 10% change in these energy variables. The

cross-sector indicators have much higher contrast between

Light Rail scenarios and BAU. Compared to the Light Rail ?

Redevelopment scenario, the Light Rail and BAU scenarios

have 1.6 and 7.9% lower GRP in 2040, respectively. Table 2

presents these scenarios in reference to Light Rail ?

Redevelopment because if built, Light Rail would likely be

accompanied by redevelopment.

Balancing economic growth effects of Light Rail

with renewable energy

Because North Carolina has a thriving solar industry,

expanding local solar capacity is one strategy for mitigating

the increase in CO2 emissions from Light Rail-induced

economic growth. Conservatively the model assumes that

Tier 2 solar capacity plateaus at 40 megawatts (MW).

Although solar capacity would need to grow tenfold to

supply more than a few percent of energy use in the DCHC

MPO region, this scenario is possible. If solar capacity grew

to 640 MW, this would counteract the increase in CO2

emissions in the Light Rail ? Redevelopment scenario,

compared to BAU in 20406 (Fig. 8). This amounts to a

29-fold increase in solar capacity within the Durham–

Orange county area, which was 22 MW as of 2014. State-

wide, North Carolina had about 1.75 GW solar capacity as of

March 2016 (NC Sustainable Energy Association 2016) and

total statewide potential capacity has been estimated as

22 GW, assuming maximized residential and commercial

rooftop use, plus barren land and parking lots (Kaplan and

Ouzts 2009). Although 640 MW is a high local target (Fig-

ure S2A), solar capacity at Tier 2 has had a compound annual

growth rate of 2.75 between 2005 and 2014 (Figure S2B). If

that rate were maintained, it would take four more years to

reach 640 MW. The D–O LRP model assumes solar capacity

growth slows proportionally to its distance from a target, so it

projects 640 MW is reached by about 2025. That solar

capacity equals 9–12% of regional building electricity use.

Impact of ‘‘green redevelopment’’ near rail stations

Redevelopment at Tier 1 presents the opportunity to

replace or improve older buildings to become newer, more

energy-efficient and water-efficient buildings, another

strategy to mitigate the energy demand from rail-induced

growth. The Light Rail ? Redevelopment scenario in the

model assumes redevelopment begins in 2020 in anticipa-

tion of the Light Rail; and by 2040 about a third of Tier 1

dwelling units and commercial/industrial square feet are

redeveloped. If all redeveloped buildings had 25% lower

energy intensity and 15% lower water intensity than in

BAU,7 this would decrease annual building energy use at

Tier 1 by 7.7% in 2040 (including nonredeveloped build-

ings). The D–O LRP model projects that this would also

Table 2 Sensitivity* of model outputs to key energy variables at Tier 2

Scenario CO2 Emissions VMT Conges�on Gross Regional Product Nonresiden�al sq �
Building energy intensity -10% -7.21% 0.14% 0.14% 0.67% 0.27%

Electricity emissions factor - 10% -6.32% 0.00% 0.00% 0.00% 0.00%
BAU -5.79% -1.86% -1.86% -7.92% -8.72%

MPG +10% -1.89% 1.17% 1.17% 0.39% 0.12%
LR (no redevelopment) -1.63% -0.66% -0.66% -1.60% -2.33%

Gasoline price +10% -0.37% -1.18% -1.18% -0.38% -0.04%
Solar capacity +10% -0.03% 0.00% 0.00% 0.00% 0.00%

Light Rail ridership +10% -0.01% -0.03% -0.03% 0.00% 0.00%
LR + R 0.00% 0.00% 0.00% 0.00% 0.00%

Light Rail ridership -10% 0.01% 0.03% 0.03% 0.00% 0.00%
Solar capacity -10% 0.03% 0.00% 0.00% 0.00% 0.00%

Gasoline price -10% 0.45% 1.29% 1.29% 0.44% 0.13%
MPG -10% 2.35% -1.27% -1.27% -0.41% -0.04%

Electricity emissions factor + 10% 6.32% 0.00% 0.00% 0.00% 0.00%
Building energy intensity +10% 7.23% -0.13% -0.13% -0.60% -0.18%

* Changes in model outputs are relative to 2040 values in the LR?R scenario. Blue indicates a reduction; orange indicates an increase. Energy

variables are changed by 10% linearly between 2017 and 2040. Scenarios are sorted by CO2 emissions. The BAU and LR scenarios are included

for reference

6 640 MW assumes a solar capacity factor of 0.15 for North Carolina.

This is the ratio of actual power output to installed (nameplate)

capacity over a year.

7 equivalent to LEED Gold standard, with the water savings

representing 60% of the 25% energy savings, http://www.usgbc.org/

articles/green-building-facts.
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increase Tier 1 GRP by 1.5% by 2040 due to reduced energy

costs, which in effect increase the purchasing potential of

households and businesses. This green redevelopment

strategy would keep total energy use at Tier 1 below that in

the Light Rail scenario between 2020 and 2034; from 2035

onward total energy use would surpass the Light Rail sce-

nario but remain below Light Rail ? Redevelopment.

Regional energy spending, with feedback to regional

economy

As of 2015, Tier 2 GRP was $31 billion/year (all modeled

dollars are 2010 US dollars). Energy spending equaled

4.6% of GRP or $1.4 billion/year.8 The model projects that

the electricity cost for Light Rail operation—$1.3 million/

year in 2026 and $1.6 million/year by 2040—is less than

0.1% of the regional energy budget. The regional energy

budget decreases as a fraction of GRP, reaching 3.7% of

GRP in the 2040 BAU scenario due to improved building

and vehicle energy efficiency despite increasing electricity,

natural gas, and gasoline prices in real terms. Although

regional energy spending in 2040 is higher in the Light Rail

scenarios than BAU, energy spending drops to 3.6% of

GRP in Light Rail scenarios due to their faster GRP growth

compared to energy-spending growth. The model also

assumes negative feedback between energy spending/GRP

and GRP, relative to an equilibrium in year 2000 (bal-

ancing loop B1/R1 in Fig. 2). Therefore, in BAU the

decrease in energy spending/GRP between 2000 and 2040

increases GRP about 1.5% in 2040. This feedback effect is

slightly larger in the Light Rail scenarios, boosting GRP

1.8% in 2040.

We note that although the model contains many bal-

ancing loops with delays, such as between energy spend-

ing/GRP and GRP, the model does not have noticeable

oscillations because these feedback effects are much

smaller than the overall growth (reinforcing loop) effects of

population and land development. The same is true for the

delayed balancing loop between congestion and VMT;

because modeled congestion reduces VMT by\1%, other

factors such as fuel price, population growth, and vehicle

ownership drive VMT without oscillations. Although these

feedbacks are small percentages, they are large quantities;

1% of VMT is still tens of millions of miles reduced

annually. Likewise the 1.5% energy-spending feedback on

GRP in 2040 represents an $890 million larger economy.

Decomposition of CO2 emissions into relative

indicators at Tier 2 (regional scale) and Tier 1 (near

station areas)

CO2 emissions can be explained as the product of popu-

lation, GRP per capita (individual wealth), energy use per

GRP (energy intensity of the economy), and CO2 per unit

energy use (emissions intensity of the energy system).

Growth or reduction in CO2 emissions can be attributed to

an increase or decrease in each of these relative indicators,

or ‘‘Kaya factors’’ (Dhakal and Kaneko 2002; Raupach

et al. 2007). Population and average individual wealth are

projected to increase at both Tiers, and Light Rail ?

Redevelopment (LR ? R) may further increase both fac-

tors (Fig. 9). Tier 1 population is projected to grow 75%

between 2000 and 2040 in LR ? R compared to 43% in

BAU. At Tier 2, these numbers are 98 and 92%, respec-

tively. Tier 1 GRP per capita grows 82% between 2000 and

2040 in LR ? R compared to 75% in BAU. At Tier 2,

these numbers are 51 and 43%. Energy intensity of the

economy decreases about 50% between 2000 and 2040 at

both Tiers, due to improvements in building and vehicle

energy efficiency. LR ? R further decreases energy use/

GRP about one percentage point at both Tiers. Emissions

intensity of energy use increases about 10% between 2000

and 2040 at both Tiers. LR ? R slightly increases emis-

sions intensity at both Tiers by stimulating growth of

building energy use more than transportation energy use.

Modeled building energy use has about double the emis-

sions intensity (per MMBtu consumed) than transportation

energy use. To summarize, projected CO2 emissions

growth at both Tiers is primarily driven by increased

population and increased GRP per capita and driven

slightly by growth in building energy use (which is more

emissions intensive than vehicle energy use). CO2
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Fig. 8 Regional CO2 emissions, with impact of aggressive solar

capacity development shown in gray. If solar capacity grew to

640 MW, by 2040 this would counteract the increase in CO2

emissions due to Light Rail ? Redevelopment, compared to BAU

8 As with CO2 emissions, the model attributes energy spending for all

fuel types (electricity, gasoline, etc.) to energy use in the DCHC MPO

region, regardless of where the energy was generated or where the

emissions were produced (for example, in a power plant outside the

region).
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emissions growth is mitigated by declining energy use per

GRP due to energy efficiency improvements in buildings

and vehicles.

Discussion

In this paper we explored how system dynamics modeling

can contribute to a stakeholder discussion of regional

sustainability anchored on the decision to build Light Rail.

Our model projects that Light Rail scenarios increase

energy use and CO2 emissions in the long term, but slightly

reduce the emissions intensity of the economy. These

results are dependent on the assumed economic growth

stimulated by Light Rail, at the scale of a Metropolitan

Planning Organization (MPO). By modeling regional

energy use, the model quantifies the relative impact of

different management options, such as building and vehicle

energy efficiency, solar capacity, and emissions regulation

for electricity generation.

Growth effects of Light Rail

A common argument for building Light Rail is that it

stimulates the economy (De Bruijn and Veeneman 2009).

For example, commercial property values are expected to

increase near Light Rail stations (Debrezion et al. 2007;

Cervero and Duncan 2002). The amount of economic

growth stimulated by Light Rail is a key uncertainty in

determining energy, emissions, and other downstream

effects of the proposed Durham–Orange Light Rail. By

default, the Light Rail scenarios of the D–O LRP model

assume a 10% increase in demand for nonresidential sq ft

at Tier 1 (the station areas). However, if this is changed to

zero increase in demand, GRP at Tier 2 (the Metropolitan

Planning Organization boundary) increases less than 2%

from BAU9 in the Light Rail scenarios by 2040. Con-

versely, if we assume Light Rail increases the demand for

nonresidential sq ft by 15%, GRP increases by 7% and 10%

in the Light Rail and Light Rail ? Redevelopment sce-

narios, respectively, by 2040. That translates into 7%

higher energy use in the Light Rail ? Redevelopment

scenario (Fig. 3), which results from population growth,

more dwelling units, and slightly higher VMT. In the

default setting of 10% increase in nonresidential demand,

the Light Rail and Light Rail ? Redevelopment scenarios

had 3.8% and 5.3% higher energy use than BAU in 2040,

respectively (Fig. 4a), and CO2 emissions were 4.4 and

6.2% higher than BAU in 2040, respectively.

The Light Rail scenarios are projected to cause a short-

term decline in VMT followed by a long-term increase

(Fig. 5a). Population and economic growth stimulated by

rail leads to the long-term increase in VMT, resulting in

higher vehicle energy use. The intensity of driving

decreases, however, with VMT per capita decreasing 3–4

miles/person/day in the Light Rail scenarios relative to the

BAU scenario in 2040 at Tier 1 (Fig. 5b). This happens

despite an increase in average wealth (GRP per capita) in

the Light Rail scenarios (Fig. 9) which increases driving

behavior in our model.

To place the growth effects of Light Rail in perspective,

the electricity used to power the Light Rail itself would be

less than 0.1% of the regional energy budget, and the CO2

from this electricity use would be about 0.1% of regional

CO2 emissions (Fig. 6). Note that these are use-phase

emissions, which do not include emissions attributed to

Light Rail construction. If these life-cycle emissions are
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scenario; dashed lines indicate Light Rail ? Redevelopment

9 When the increase in demand for nonresidential sq ft by LRT is set to

zero, there is still a slight increase in GRP, especially in the Light Rail ?

Redevelopment scenario, due to a positive feedback loop involving

growth in employment, earnings, total population, and nonresidential

sq ft.
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included and assumed to be 70% larger than those from

Light Rail operation (Chester et al. 2010), building and

operating the Durham–Orange Light Rail would still rep-

resent less than 0.3% of Tier 2 annual CO2 emissions. The

indirect and cumulative impacts of Light Rail on regional

energy use and emissions—by stimulating population

growth, land development, economic growth, and auto-

mobile usage—are therefore much larger than the direct

impacts of Light Rail alone, according to the model

projections.

Although the economic growth stimulated by Light Rail

increases CO2 emissions, the economy is actually projected

to be less emissions intensive in the Light Rail scenarios.

By 2040, CO2 emissions per unit GRP are 2.3% lower than

BAU in the Light Rail and Light Rail ? Redevelopment

scenarios at Tier 2. This is partly explained by lower

energy intensity of GRP (energy use/GRP) in the Light

Rail scenarios compared to BAU (Fig. 9). The Light Rail

scenarios have lower energy use/GRP because they

increase GRP growth slightly more than proportional to

their increase in regional energy use. In all scenarios, the

economy is also projected to become less energy and

emissions intensive due to improvements in building and

vehicle energy efficiency. In the BAU and Light Rail

scenarios, CO2 emissions/GRP decline more than 40%

between 2000 and 2040.

Regional strategies for reducing energy use

and emissions

If implemented, the federal Clean Power Plan would be a

major boost toward achieving regional emissions goals. It

would move the region closer to the Durham GHG Plan’s

2030 goal of 30% GHG emissions reduction from a 2005

baseline. (At Tier 2 this represents 5.4 million tons CO2/

year compared to 7.7 million in 2005.) The D–O LRP

model applies Clean Power Plan emissions reduction goals

specific to North Carolina (US EPA 2015b), representing a

linear 23% reduction in ‘‘ton CO2 per kWh’’ (electricity

emission factor) between 2022 and 2030. This scenario

would achieve 24% of progress toward the Durham plan’s

2030 goal, relative to a 2030 BAU scenario with no

building or vehicle energy efficiency improvement after

2015 (Fig. 7a, b). Since the Clean Power Plan specifies

CO2 emission factor reductions from electricity generation

up to 2030, further technology and policy goals are needed

after 2030 to continue reducing annual CO2 emissions in

the context of population growth.

Solar capacity expansion is one local strategy for further

reducing CO2 emissions attributed to regional energy use.

Current solar capacity in Durham and Orange counties is

about 22 MW (North Carolina Sustainable Energy Asso-

ciation 2015) and has increased nearly threefold annually,

on average, between 2005 and 2014. If solar capacity grew

to 640 MW by 2040, this would counteract the increase in

CO2 emissions due to the Light Rail ? Redevelopment

scenario, compared to BAU (Fig. 8). This represents an

emissions reduction in about 600,000 tons CO2/year by

2040. Assuming the historical growth rate of solar capacity

is maintained intrinsically, but slowed by a damping factor

as it approaches the target, the model projects that

640 MW is reached by 2025 (Figure S1A), with solar

electricity representing 9–12% of regional building energy

use.

Redevelopment near the proposed rail stations (Tier 1)

presents an opportunity to replace or improve older

buildings to become newer, more energy-efficient build-

ings, further reducing emissions. In the Light Rail ?

Redevelopment scenario, about one-third of Tier 1 housing

and commercial/industrial floor space is redeveloped by

2040. If all Tier 1 redevelopment met LEED Gold (25%

less energy intensity and 15% less water intensity than

BAU), by 2040 this would decrease total building energy

use at Tier 1 by 7.7%. Energy-efficient redevelopment in

the rail corridor could produce significant energy savings

for Tier 1, but this only translates to a 0.7% reduction in

Tier 2 energy use. To achieve significant energy savings for

Tier 2, the existing building stock would need energy

efficiency retrofits or energy-efficient redevelopment. Onat

et al. (2014) reach the same conclusion regarding the US

residential building stock, suggesting that either retrofitting

or a combination of retrofitting and new energy-efficient

homes is more effective at stabilizing emission growth than

new green buildings alone. Onat et al. modeled retrofits

that decrease residential energy intensity by 2/3.

Relative impact of regional actions and external

influences

A main finding of our analysis is that national policies and

technology trends would have a proportionately larger

impact on the regional energy/emissions landscape than

would regional actions such as building Light Rail. Light

Rail scenarios could increase regional CO2 emissions

2–3% by 2030 due to assumed stimulation of economic

development. However, national trends in building and

vehicle energy efficiency could account for 25% of pro-

gress10 toward the Durham GHG emissions reduction goal

by 2030. When these efficiency improvements are coupled

with Clean Power Plan goals for North Carolina, they

account for 49% of progress toward the Durham GHG

10 Progress being measured as: emissions reduction due to action

X/total emissions reduction between 2030 BAU and Durham GHG

goal. In this case, the 2030 BAU assumes no building or vehicle

energy efficiency improvements after 2015.
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emissions reduction goal, relative to a 2030 BAU scenario

with no building or vehicle energy efficiency improvement

after 2015. Although gasoline price is a major uncertainty

in the model, if it increased back to its 2012 high after 2016

(resulting in prices about $1.00–$1.50/gal above BAU

thereafter), this could move the region another 6% toward

the 2030 GHG reduction goal.

Limitations of the D–O LRP model

The accuracy of the model depends on scale and level of

physical disaggregation (how many energy types and

technologies are identified). The metropolitan (MPO) scale

of the model is useful because (1) it is an administrative

boundary for transportation planning, and (2) it is slightly

larger than a county boundary, meaning the results could

be adapted or compared to other counties. Some of the

relationships in the model come from geographically larger

models, so we assume the physical system behaves simi-

larly at different scales. The feedback loops between

energy spending and GDP are borrowed from global (Warr

and Ayres 2006; Fiddaman 2002) and North American

(Bassi 2009; Bassi et al. 2010) energy-economy models.

Our model also makes simplifying assumptions about

energy system disaggregation. Natural gas and electricity

are the only fuel sources modeled within the building

sector, though petroleum and biomass are also minor fuel

sources in North Carolina (US EIA 2015b). We do not

distinguish building uses such as cooking or lighting.

Instead, the model serves to estimate the relative magni-

tudes of effects considered in community decisions—ef-

fects which depend largely on VMT, building stock, and

energy intensity trends.

Policy implications and conclusion

With no building or vehicle energy efficiency improve-

ment, the D–O LRP model projects CO2 emissions in Tier

2 would grow 46% between 2005 and 2030, which is

consistent with the 48% increase projected by the Durham

GHG Plan over the same years. The Durham GHG Plan

does not include improvements in building or vehicle

energy efficiency in this business-as-usual scenario. By

factoring in these efficiency improvements, our BAU sce-

nario is a more optimistic projection of CO2 emissions

(27% increase between 2005 and 2030).

Although our analysis asks similar questions to the

Environmental Impact Statement (EIS) for the Light Rail

line, we explore the assumption that Light Rail creates

economic growth, which leads to higher rather than lower

energy consumption. Compared to our study, the EIS

analyzes a larger portion of the Research Triangle region

which includes populous Wake County, and concludes that

Light Rail will reduce regional energy use by 0.06% or 83

billion BTUs (compared to the no-rail scenario in 2040),

but this is only within transportation energy use and does

not include effects on buildings (GoTriangle 2015). This is

consistent with transportation literature, which emphasizes

transit effects on private vehicle energy use but not

building energy use (Gallivan et al. 2015, Transportation

Research Board 2009). By assuming that Light Rail indu-

ces economic growth, increasing building stock, and VMT,

our analysis suggests that Light Rail will increase regional

energy use by 3000 billion BTUs compared to BAU in

2040 or by 4200 billion BTUs if Light Rail is combined

with redevelopment. This is a 4.4 and 6.2% increase in Tier

2 emissions, respectively. We suggest that building energy

use resulting from economic development would be a

useful addition to indirect and cumulative impacts within

future Environmental Impact Statements for transportation

projects.

Our finding that Light Rail could slightly increase

regional energy use and CO2 emissions can be weighed in

context of the rail’s regional benefits. Our previous analysis

suggests Light Rail scenarios could lead to higher non-

motorized travel per capita, which has health benefits (US

EPA 2016). The economy is also projected to be less

energy and emissions intensive in the Light Rail scenarios

compared to BAU, meaning a comparable amount of

growth under BAU conditions would require more energy

and produce more emissions. The effect is subtle and

depends on how much economic growth occurs with Light

Rail; an assumed 10% increase in demand for nonresi-

dential floor space due to Light Rail leads to 2.3% lower

CO2 emissions per unit GRP by 2040, compared to Busi-

ness-as-Usual. Light Rail scenarios are also expected to

increase residential and commercial property values (Cer-

vero and Duncan 2002; Debrezion et al. 2007), more than

would higher-density building alone (US EPA 2016). With

a growing regional population and potential for sprawling

development, expanded public transportation such as Light

Rail is a defensible strategy for concentrating growth, even

if it has mixed effects on community energy use. Other

researchers have recognized these trade-offs between eco-

nomic development and emission reduction goals; like

Development Impact Assessment [DIA, (Cox et al. 2015;

Harrington and McConnell 2003)], our approach explores

co-benefits and trade-offs among environmental, economic,

and social outcomes.

Our analysis highlights that local factors such as increased

solar capacity and green or retrofitted buildings, as well as

national factors such as CO2 emissions regulation and

improved vehicle energy efficiency, could allow the region

to achieve the economic benefits of Light Rail while mini-

mizing environmental costs. By depicting outcomes as a

time series, the D–O LRP model allows policymakers to
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consider the shape of trends, adding value to current analyses

such as the Environmental Impact Statement for the Dur-

ham–Orange Light Rail and the Durham GHG Plan, which

highlight one baseline year and one final year. The model

also incorporates interactions between economy, trans-

portation, land use, and energy, allowing policymakers to

explore the combined effect of multiple actions, within a few

seconds run time. Our analysis suggests that locally

increased solar capacity could counteract energy and emis-

sions growth due to Light Rail; however, progress toward

regional emissions reduction goals such as the Durham GHG

plan could be about ten times faster if the Clean Power Plan

were enacted, or if projected national building and vehicle

energy efficiency improvements occur.

We recommend local policies (such as tax incentives)

that encourage LEED-certified buildings in the transit-ori-

ented redevelopment area, that encourage solar capacity

investment, and that encourage energy audits and effi-

ciency retrofits to the existing building stock. Many of

these policies were suggested in the Durham GHG Plan

(ICLEI 2007), and the potential for transit-stimulated

economic growth makes these policies increasingly nec-

essary to meet GHG reduction goals. Tracking CO2 emis-

sions is a recent phenomenon, so cities may have limited or

no data (Fong et al. 2009) yet projections of future CO2

emissions must be anchored to historical data. Therefore,

we support efforts to collect annual regional data on energy

use and emissions from buildings and vehicles, because

this will help stakeholders measure progress toward GHG

reduction goals.
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