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ABSTRACT 
 
 

The relationship between hospital practices to deliver quality patient care and the impact 

on the environment (public health) are clearly evolving.  Reducing the carbon footprint of the 

healthcare sector can be achieved by incorporating environmental impact information into 

hospitals’ patient-centered decision support systems in order to provide more environmental 

friendly decisions with equivalent patient outcomes.  The challenge for utilizing environmental 

impact methodology in the context of medical decisions is to educate and provide the health care 

community with information to allow them seek sustainability improvement.  Today the patient 

care team is limited by the paucity of data regarding the relationship between their decisions and 

the environmental consequences of those decisions. Therefore, the first priority is the necessary 

research to determine preliminary profiles of medical-based decisions relative to the use of 

energy and materials associated with each process in the healthcare service delivery. 

Diagnostic imaging is an important area of patient care that has successfully reduced 

radiation impacts; however, still has an unseen public health impact due to the energy and 

consumables consumption profiles of imaging modalities.  In this study, following the life cycle 

assessment (LCA) protocol, a detailed accounting of energy and materials consumed for major 

diagnostic imaging services, radiography, computes tomography (CT) scan and magnetic 

resonance imaging (MRI) is provided, and this information is compared with the fourth modality 

sonography service. The transparent, detailed life cycle approach allows data from this study to 

be used by radiologists to suggest new ways to improve hospital sustainability and energy 

reduction programs of their healthcare organizations, to explore the hidden public health impacts 

of diagnostic imaging, and to prioritize the environmental impact reduction strategies in their 

healthcare settings.  
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CHAPTER 1 

 

INTRODUCTION AND BACKGROUND 

 
 
1.1 Healthcare Sector Environmental Impact 

In 2013, the United States healthcare sector rose to comprise 17.4% of the nation’s gross 

domestic product (GDP), and this rate is projected to reach 19.6% by 2024 [1]. Over the next 

several years, the healthcare sector will expand to meet the demands of a growing and aging 

population. This expansion will lead to an increase in the consumption of energy, resources, and 

output of waste and emissions. Currently, the U.S. healthcare sector annually consumes 73 

billion kWh of electricity for high-energy-intensive healthcare facilities [2], generates 

approximately 1.54 billion kilograms of solid wastes [3], and, unintentionally, undermines public 

health through emitted greenhouse gas (GHG) emissions, estimated in 2007 as 7% of the 

nation’s carbon dioxide equivalent (CO2eq), or 6,103 million metric tons CO2eq [4]. This large 

contribution and overall concerns regarding climate change have led to society’s expectation for 

reduction in the environmental impact of healthcare [5-8].  In order to respond to this 

expectation, a better understanding of how medical facilities consume energy (typically 

electricity and natural gas) and utilize materials (reusables and disposables) is needed. 

In a complex healthcare facility, such as a hospital, many sources of emissions are 

associated with patient-centered decisions, which include the selection of studies for diagnosis, 

choice of medical procedures, consumption of pharmaceuticals and consumables, and use of 

machines and devices.  In those instances where the patient outcome would be equivalent, 

healthcare providers can consider which alternative medical decisions have a lower carbon 

footprint.  This new avenue for healthcare and the reduction in hospital carbon emissions was 

initiated as a full conceptual approach at Wichita State University (WSU) in 2012 [9] and has 
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been emphasized by the medical community as a possible way to decrease the environmental 

impact of healthcare services by employing alternative medical treatments [10].  This approach 

extends the focus of the health care provider beyond patient quality care and ensures that not 

only the patient sitting in front of a medical team benefits from the health decisions, but also that 

the indirect or cascading impact as a result of those same healthcare decisions will be minimized. 

The challenge of utilizing environmental impact information in the context of hospital 

medical decisions for improving hospital environmental sustainability is to educate and provide 

the health care community with information in order to allow them to seek improvement, 

particularly through carbon footprint reduction strategies. To develop such strategies, one should 

first know the sources of carbon emissions, the share of each source in the total emissions for 

delivering a particular medical service, and the relationship of the energy consumed by each 

source to patient outcomes.  Then, a basic framework in sustainability improvements of patient-

centered decisions can be followed depending on whether there are alternatives that can be used 

to achieve equivalent patient outcomes or whether there are virtually no alternatives and 

therefore the set of patient-centered care decisions is fixed. With alternative pathways for 

equivalent patient outcomes (Case A), the focus is to understand which of the multiple choices 

has a lower environmental impact while still achieving an equivalent patient outcome.  Then, 

using an additional criterion of also improving public health (downstream), the better alternative 

can be chosen.  If there is only one patient care choice (Case B) for achieving a successful 

patient outcome, then the sustainability improvement can still be achieved by seeking to improve 

the environmental impact through emission sources not directly related to the patient outcome. 
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1.2 Life Cycle Assessment for Healthcare Services 

Today the patient-care team is substantially limited by a lack of data regarding the 

relationship between its decisions and the cascading environmental shadow of energy and 

material use relative to those decisions. Therefore, the first priority is to embark on the necessary 

research to provide basic preliminary profiles of medical-based decisions and the associated 

energy and materials used with each process in the healthcare service delivery.  Life cycle 

assessment (LCA) is an approach to evaluate the emission profiles of medical practices, which 

can integrate both hospital energy (electricity, natural gas, etc.) and upstream energy used to 

manufacture consumables (disposables and reusables) into detailed energy profiles for each 

alternative medical treatment.  The LCA process quantifies the environmental impacts of a 

product or service throughout its life cycle, including the extraction of raw materials, 

manufacturing, use, disposal, and any transportation between these steps. International 

Organization for Standardization guidelines (ISO 14040:2006 and ISO 14044:2006) divide the 

LCA study methodology into four stages [11], as shown in Figure 1.1. 

 
Figure 1.1: Four stages of life cycle assessment, standardized by ISO 14040/14044 

 

Stage 1

• Defining the Goal and Scope of LCA
Identifies materials, processes, and products to be considered, and  how 
broadly they will be defined.

Stage 2

• Life Cycle Inventory Analysis
Uses quantitative data to establish the levels and types of energy and 
materials used that are released from the process.

Stage 3

• Environemntal Impact Assessment
Relates outputs of the system to impacts on the external world into which the 
outputs flow.

Stage 4

• Interpretation
Uses findings from previous stages to draw conclusions and make 
recommendations for reducing environmental impacts.
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The application of LCA for healthcare practices has been proven by the quantification of 

environmental impacts of services such as nephrology, anesthesiology, radiology, obstetrics, and 

hysterectomy surgery.  The LCA study conducted by Connor et al. (2011) revealed the carbon 

footprint of different hemodialysis regimes [12], while Soltani et al. (2014) mapped the inside 

and outside of the hospital sources of energy required for service delivery [13].  In another study, 

five anesthetic drugs were evaluated by Sherman et al. (2012), and strategies for reducing the 

environmental impact of the anesthesiology practice were suggested, considering alternative 

treatments [14].  Other LCA comparison studies have emphasized that there are more 

environmentally friendly alternatives with the same patient outcomes: vaginal birth vs. cesarean 

practices [2]; a comparison of abdominal, vaginal, laparoscopic, and robotic hysterectomy 

surgery methods [3]; and laparotomy vs. conventional laparoscopy vs. robotically assisted 

laparoscopy surgical modalities [15]. The second chapter of this dissertation provides more 

insight into studies related to the carbon footprint of medical services. 

1-3 Research Motivation and Objectives 

Diagnostic imaging is an important area of patient care that has successfully reduced the 

impact of radiation; however, there remains an unseen public health impact due to the energy and 

material consumption profiles of imaging modalities.  Based on a published study in the Journal 

of American Medical Association (JAMA) [16], in a 15-year period, more than 90% of the 

imaging services in six large integrated health systems in the U.S. were performed by one the 

following four practices: radiography (55.1%), sonography (19.1%), computed tomography (CT)  

(12.5%), and magnetic resonance imaging (MRI) (5.1%).  Here in this research, the 

environmental impact of three of these major diagnostic imaging services will be evaluated and 

compared with sonography [17], and two objectives will be pursued: (1) to show how 
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quantifying the carbon footprint of medical alternatives can contribute to overall hospital 

sustainability initiatives, and (2) to show how the radiology department can incorporate the 

transparent life cycle information of the imaging services into quantitative results that also can be 

reported via departmental quality improvement initiatives. 

Based on American College of Radiology (ACR) evidence-based guidelines for 211 

clinical conditions [18] as well as studies in the literature [19–21], there are many instances of 

alternative imaging pathways with equivalent patient outcomes; therefore, the life cycle 

inventory (LCI) information can be used by the health care community to quantify the 

environmental impact of such changes in patient care decisions.  The purpose here is to engage 

health care specialists to use their creativity to examine procedures, patient-based decisions, and 

other avenues to seek hospital sustainability improvements. This engagement then leads to an 

engineering/medical team approach to identify changes that have a greater likelihood of adoption 

and could form the basis of departmental quality improvement initiatives. 

1.4 Scope of Study and Boundaries 

LCI data were collected in Wichita, Kansas, based on 59 MRI service deliveries in an 

outpatient (OP) facility (Cypress Women’s Imaging), 159 CT scan service deliveries in two 

hospitals (Wesley Medical Center and the Robert J. Dole Veterans Administration [VA] 

Hospital), and 118 radiography services in the radiology department of the Dole VA hospital. 

Figure 1.2 illustrates the service unit flow diagram for inventory analysis of the evaluated 

diagnostic imaging services in this study. 
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Figure 1.2: Boundary of diagnostic imaging services with inputs and outputs for  
life cycle assessment 

 
1.5 Organization of Dissertation 

This dissertation is organized into seven chapters: the introduction, five chapters 

corresponding to five journal articles, and the conclusion chapter.  The five main articles are 

published or will be published in medical journals to increase awareness of the healthcare 

community regarding this new approach for reducing healthcare and hospital carbon emissions. 

In addition to these five journal articles, four other peer-reviewed conference papers are included 

as appendices. The aim of these nine studies toward the dissertation objectives and a summary of 

the findings are briefly described here as a conclusion to this introductory chapter. 

Chapter 2:  Systematic Literature Review: Environmental Impacts of Healthcare 

Practices. In order to conduct an advanced background review for the study, the preferred 

reporting items for systematic reviews and meta-analyses (PRISMA) methodology was followed 

in this first article. A total of 53 peer-reviewed articles that report quantitative information 
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related to medical-based decisions were analyzed, and an overview of trends and gaps for future 

research in healthcare sustainability is presented. 

Chapter 3: Scope of Energy Improvement for Hospital CT Imaging Services in the 

United States. This second article focuses on CT scan imaging modality, and the environmental 

impact of the service was assessed using the collected data from 159 patients using two CT 

scanners: GE (Lightspeed 64-slice) and Philips (Brilliance 64-slice).  The carbon footprints were 

evaluated as 15.8 kg CO2eq per patient for Hospital 1 (GE scanner) and 10.2 kg CO2eq per 

patient for Hospital 2 (Philips scanner). 

Chapter 4: Hospital Patient Care and Outside-the-Hospital Energy Profiles for 

Diagnostic X-Ray Imaging Services. Findings for the second assessed imaging modality, 

radiography, based on the 118 observed service deliveries are reported in this third article. The 

first two stages of the ISO standard were followed, and an LCI for delivery of the service was 

created. The estimated carbon footprints for this service are 2.0 kg CO2eq per patient for the 

Philips scanner and 2.7 kg CO2eq per patient for the GE scanner. 

Chapter 5: Environmental Impact of Healthcare Practices for Magnetic Resonance 

Imaging Services. In order to conduct the environmental impact study for the MRI service, in 

this fourth article, both the direct in-hospital and outside-the-hospital energy consumption were 

assessed for 59 patients at the Cypress Women’s Imaging center, and an LCI of the service was 

created for the outpatient facility and an assumed representative hospital with 50% utilization 

ratio of the imaging device.  The carbon footprint of the service was estimated as 22.4 kg per 

patient for the outpatient facility and 62.8 kg per patient for the representative hospital. 

Chapter 6: Alternative Treatments for Healthcare Environmental Impact 

Reduction: The Case of Diagnostic Imaging Practices. In the fifth journal article, the life cycle 
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inventories of the three services are combined and compared with the fourth service, the 

sonography modality. Then, with an emphasis on stages 3 and stage 4 of the ISO standard, the 

overall environmental impact of the imaging services are discussed and results translated to a 

few strategies for reducing the hospital carbon footprint. 

Appendix A: Energy Consumption of VA Hospital CT Scans. In this conference 

paper, presented at the 2011 IEEE International Symposium on Sustainable Systems and 

Technology (ISSST), the in-hospital direct sources of energy consumption for delivery of the CT 

scan service were analyzed.  The findings of this preliminary assessment in one of the two 

hospitals became the basis for the advanced LCI analysis of the CT scan service, as reported in 

Chapter 3. 

Appendix B: Overhead Energy Estimation of Hospital Radiology Department. One 

of the major sources of energy consumption in hospital buildings, which is not directly related to 

patient outcomes, is the energy consumed for the operation of the heating, ventilation, and air 

conditioning (HVAC) system. In another conference paper, presented at the 2011 IEEE 

International Symposium on Sustainable Systems and Technology (ISSST), three calculation 

methods for the overhead energy consumption were used: annual energy consumption (bill-

averaging), thermal analysis, and simulation. The results were compared, and a simulation 

method was chosen to estimate the share of the HVAC source for each of the modalities. 

Appendix C: Evaluation of Life cycle Energy Savings of Cooling System 

Replacement. In large commercial buildings, such as hospitals, one of the strategies to reduce 

the energy and carbon footprint is through utilizing more efficient HVAC equipment.  Chapter 2 

mentions a few studies that reported the successful implementation of such efforts.  While this 

specific strategy is not in the scope of this dissertation, a parallel study related to the cooling 
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system replacement in a commercial-size building was conducted. The results prove the 

effectiveness of similar strategies, and the assessment methodology can be followed by 

healthcare administrators. 

Appendix D: Evaluation of Life cycle Energy Savings of Occupancy Sensors for 

Lighting Control. One of the major sources of energy consumption and carbon emissions 

through the delivery of imaging services is the energy consumption of lighting fixtures.  In this 

study, behavioral initiatives were considered as one of the strategies to reduce the idle-time 

energy consumption. Implementation of new automated technologies to control lighting can 

contribute significantly to such initiatives.  The reported findings of a similar project in a 

governmental building in Wichita, Kansas, forms the baseline for the expected level of energy 

savings for various imaging department rooms that operate in a ready-mode in order to respond 

to emergency situations. 
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CHAPTER 2 

 

SYSTEMATIC LITERATURE REVIEW: ENVIRONMENTAL IMPACT  

OF HEALTHCARE PRACTICES 

 

 
2-1 Introduction 

The complex facility of a large urban hospital consumes energy (typically electricity and 

natural gas), utilizes materials (reusables and disposables), and most importantly delivers 

medical services based on patient conditions. The complexity of a hospital lies in the diversity of 

its services and hence a wide range of important medical decisions. Reducing the carbon 

footprint of the healthcare sector can be achieved by incorporating environmental information 

into patient-centered decisions of hospitals in order to achieve more environmentally friendly 

alternative decisions with equivalent patient outcomes. In this chapter, the results from a 

systematic literature review are reported with the aim of finding and categorizing existing 

knowledge and studies related to the environmental impacts of healthcare practices. The peer-

reviewed articles that report quantitative information related to medical-based decisions were 

analyzed, and an overview of trends and the identification of gaps for future research in 

healthcare sustainability are presented here.  Mapping the energy and emission profiles of 

hospital practices involved a framework in which hospital services were subdivided into parts 

with separate patient-centered decisions and resulting downstream impacts. The classification 

categories shown in Table 2.1 were developed at Wichita State University [1] and adopted from 

the “EPA Office of Compliance Sector Notebook Project: Profile of the Healthcare Industry” [2]. 
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TABLE 2.1 

SUMMARY OF 43 ARTICLES DEALING WITH QUANTITATIVE ENVIRONMENTAL 
IMPACTS AND SCOPE OF STUDIES 

Healthcare Practice and Service Author 

Scope 

Carbon Footprint Functional Unit 

 T
ra

ve
l-R

el
at

ed
 

 D
ire

ct
 E

ne
rg

y 

 P
ro

cu
re

m
en

t 

Diagnostic 
IV Contrast bottle Dhaliwal et al.    0.181–0.401 kg CO2eq per one dose of 96 mL to a patient 
CT Scan Service Esmaeili et al.    10.2–15.8 kg CO2eq per patient  
Computers and PACs in Radiology  McCarthy et al.    81.7 tonnes CO2eq reduction per year in a department 

Surgical Services 
Travel for General Surgery Andrews et al.    62.76 tonnes CO2eq per year 
Surgical Scrub Somner et al.    0.08 kg CO2eq per surgical scrub 
Minimally Invasive Surgery (MIS) Power et al.    141 kg CO2eq per procedure 
Laparoscopic Surgery Gilliam et al.    0.9 kg direct CO2 per procedure 
Cataract Surgery Morris et al.    181.8 kg CO2eq per surgery 
Laparotomy and Laparoscopy Surgery Wood et al.    22.7–40.3 kg CO2eq per patient 
Hysterectomy Thiel et al.     293–814 kg CO2eq per operation** 
Cesarean and Vaginal Birth Campion et al.    not reported per infant birth** 
Reflux Control Gatenby et al.    1038 kg CO2eq per surgery patient for first year 
Anesthetic Drugs Sherman et al.    0.05–55 kg CO2eq per 1 MAC-h ** 
Anesthetic Agent Consumption Weinberg et al.    5,286 tonnes CO2eq per year in Victorian public hospitals 
Anesthesia Machines Improvement Tay et al.    10.2 kg CO2eq per hour 
Catalyst for N2O Agent Ek et al.    262 kg CO2eq reduction per kg of N2O  
Custom Packs Campion et al.    10.5 kg CO2eq per custom pack (US hospitals) ** 
Surgical Scissors Ibbotson et al.    0.5 -12 tonnes CO2eq per 4500 uses of scissors (US grid) ** 
Laryngeal Mask Airways (LMAs) Eckelman et al.    7.4–11.3 kg CO2eq per 40 disposable LMAs or 1 reusable 
Central Venous Catheter Kits McGain & Nailor    0.407–0.764 kg CO2eq per kit 

Inpatient Care 
Bedpan Sørensen et al.    0.14–0.28 kg CO2eq  per bedpan 
Hydrophilic Catheters Stripple et al.    27.26–40.86 kg CO2eq per 1825 catheters for one year 
Patients Diets Vidal et al.    5.08 kg CO2eq per day (normal or basal diet) 

Critical Care Services 
Acute Myocardial Infarction Zander et al.    3.46–11.2 kg CO2eq per ambulance transport 
Critical Care Unit (CCU) Pollard et al.    7.56 kg CO2eq per patient 
Intensive Care Unit (ICU) Kubicki et al.    505 kg per 7 days in 11-bed ICU 

Emergency Care Services 
Ambulance Service  Brown et al.    30 and 5800 kg CO2eq per patient transport (ground and air)  
Ambulance Service  Blanchard & Brown    36.6 kg CO2eq per patient transport 
Ambulance Service  Blanchard & Brown    5.03 million kg CO2eq per year for two EMS systems 

Dialysis Services 
Chronic Hemodialysis Piccoli et al.    1.56–2.65 kg  dry waste per treatment 
Hemodialysis Soltani et al.    16.7–32.1 kg CO2eq per treatment 
Satellite Hemodialysis Unit Lim et al.    10.2 tonnes CO2eq per patient per year 
Hemodialysis Connor et al.    1.84–7.20 tonnes CO2eq per patient per year 
Hemodialysis Connor et al.    22 kg CO2eq per patient appointment  
Solar Power for Hemodialysis Agar et al.    6.2 kWh per treatment 

Physical Therapy 
Peripatetic Intravenous Service  Davie et al.    14.81 kg CO2eq per patient 

Outpatient Care 
Teleconsultations Holmner et al.    248–262 kg CO2eq reduction per visit (telemedicine) 
Teleconsultations Oliveira et al.    22 kg CO2eq reduction per patient 
Teleconsultations Masino et al.     220 kg CO2eq reduction per patient 
Behavioral Support Services Smith et al.     8.1–16.3 kg CO2eq per participants 
Dental Care and Oral Health Duane et al.     17.9 kg CO2eq per patient 
Dental Burs Unger et al.     0.42–1.19 kg CO2eq per 30 disposable or 1 reusable bur(s) 

Laboratory Services 
CRASH-1 and CRASH-2 Trials Subaiya et al.    181 & 108 tonnes CO2eq per year 

** Carbon footprint values were not reported specifically in the article but rather estimated based on the depicted plots in the article. 
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Moreover, Support services—patient textile management, waste management, and the 

environmental impact of building envelope operations—will be discussed briefly at the end of 

result chapter. Study questions are the following: (1) How many studies related to each area of 

hospital patient services were conducted and what were the boundaries and functional units? and 

(2) What are the potential environmental impact reductions associated with patient-centered 

decision alternatives? 

Literature reviews have been previously conducted on different aspects of healthcare 

sustainability. Holmner et al. [3] reviewed and referenced articles related to the role of health 

information technology (IT) and the potential for climate change mitigation. That study 

summarized the health sector mitigation polices, especially the eHealth adoption strategies.  In 

an initial effort to map the energy and water consumption and greenhouse gas emissions of 

healthcare services, Brown et al. [4] conducted a systematic literature review and referenced 

thirty eight (38) relevant publications before March 2011.  The other systematic literature review 

regarding hospital sustainability is by McGain and Nailor [5], which covered articles published 

before October 2013.  Despite the similar methodology, three factors differentiate our findings 

from the other two systematic reviews: (1) the larger temporal boundary, (2) more diverse 

keywords in search queries, and (3) the study concentration on healthcare practices specifically. 

Even with restricted criteria for inclusion of the papers, this literature review identified the more 

relevant articles (80 peer-reviewed articles), as shown in Figure 2.1; however, only fifty three 

(53) articles were directly related to one of the healthcare practices, and only 43 of those article 

provides quantitative information.  Figure 2.2 depicts the timeline of the 53 publications and the 

country in which the research was conducted. 



 

15 

 

Figure 2.1: Comparison of relevant articles found in three systematic literature reviews 
 
 

 

Figure 2.2: Timeline and country of research for 53 included articles 

2.2 Methodology 

This study followed the PRISMA methodology, which is suggested as a guideline for 

reporting life cycle assessment (LCA) data in healthcare [6].  It consisted of four phases: 

identification, screening, eligibility, and inclusion. 
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Identification Phase: In this first phase, 554 articles were extracted from Scopus and 

PubMed databases. Journal papers published between January 1, 2000 and October 6, 2015, were 

considered if they had one term from each of two sets of keywords (Figure 2.3) in the title, 

abstract, or keywords area.  The year 2000 was chosen as the starting point of the research, 

because quantification of the environmental impact of various services was gaining more 

attention in the late 90s after release of the Economic Input-Output Life Cycle Assessment (EIO-

LCA) benchmark model by Carnegie Mellon University Green Design Institute in 1997 [7].  

Moreover, publications before 2000 were reviewed by the research team in an early stage of the 

study, and no relevant article was found related to the carbon footprint of healthcare practices.  

 

Figure 2.3: Research keywords and systematic literature review process 
 

Screening Phase:  In the screening phase, the articles were filtered based on two criteria: 

relevancy of article and creditability of journal, which resulted in a pool of one hundred and 

three (103) articles. Relevancy of the articles was analyzed based on article title and abstract 

independently by three separate peers in our research group.  Then, the creditability of journals 

490 Scopus 
Records

154 PubMed 
Records

554 articles were identified.

90 articles were 
in common.

149 articles were checked for 
journal creditability.

405 articles were 
irrelevant based on 
the title/abstract.

103 articles were extracted for full-
text analysis.

46 articles weren’t 
peer-reviewed.

80 articles were 
found relevant 
after full-text 

analysis.

23 articles were 
dropped after 
full-text analysis.

Policies and Strategies 

 Healthcare Practices (53 articles)

Support Services (12 articles)

(15 articles)

(65 articles)

Environmental Keywords

 “Greenhouse Gas Emissions”

 “GHG”

 “Carbon Footprint”

 “Environmental Impact”

 “Life Cycle Inventory”

 “Life Cycle Analysis”

 “Life Cycle Assessment”

 “Cradle to Grave”

 “Environment” AND “CO2”

 “Green” AND “CO2”

 “Sustainability” AND “CO2”

Healthcare Keywords

 “Hospital”

 “Healthcare”

 “Health Care”

 “Health Services”

 “Medicine”

 “Clinic”

 “Patient”
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was assessed with the aim to exclude the articles that were not published in peer-reviewed 

journals. 

Eligibility Phase: As the first step of the eligibility phase, twenty three (23) other articles 

were found to be not on topic, based on the full-text evaluations. These are articles in which the 

abstracts and titles were not clear enough for the exclusion decision in the screening phase. The 

remaining eighty (80) articles were cited in the reference section of articles; however, twenty 

seven (27) of these did not concentrate on one of the specific practices, and in this article, those 

were categorized as support services (12 articles) and policies, approaches and responsibilities 

(15 articles) (Figure 2.3). 

Inclusion Phase: Fifty three (53) articles were classified in the healthcare practices 

category, as shown in Figure 2.4, while just forty three (43) reported the quantitative information 

regarding the emission profile or environmental impacts, as reported in Table 2.1. 

 

 Figure 2.4: Distribution of 53 articles related to healthcare practices 
 

The results section will provide insights into the trends and gaps for future research in 

healthcare practices and environmental studies based on these articles. 
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2.3 Results 

The environmental impact of each service in the hospital, i.e., healthcare practice, can be 

assessed based on the direct or indirect sources of emissions.  In addition to the healthcare 

practices categories, the boundaries of each study were classified into three emission scopes: 

travel-related, direct energy consumption of the service, and embodied energy of the procured 

goods and equipment. The direct energy consumption of the services includes the sources of the 

emission during the delivery of the service that are owned or controlled by the hospital, such as 

electricity and gas consumptions (inside the hospital or their associated generation/transmission 

losses outside the hospital), while the travel-related source of emission points out to the 

emissions not owned by the facility and generated from the travels of the patients or staffs 

involving in the practice.  The indirect energy consumptions of another entities, consumed to 

extract, produce, procure and dispose the goods and materials that are needed for the delivery of 

the service, were categorized in the embodied energy scope.  Table 2.2 shows the distribution of 

the articles in these three scopes while Table 2.1 is a summary of the quantified environmental 

impact of the 43 articles and their scope of classification. 

Table 2.2 

The distribution of articles related to the scope of the study 

Scopes of the Study Number of 
Articles Articles Authors 

 Travel-Related Emissions 
 Direct Energy Emissions 
 Material Embodied Energy 

6 Morris et al. (2013), Lim et al. (2013), Duane et al. (2012), Connor et al. (2011), 
Gatenby et al. (2011), and Connor et al. (2010). 

 Travel-Related Emissions 
 Direct Energy Emissions 7 Holmner et al. (2014), Smith et al. (2013), Brown et al. (2012), Blanchard et al. 

(2011), Subaiya et al. (2011), Masino et al. (2010), and Blanchard et al. (2009). 

 Direct Energy Emissions 
 Material Embodied Energy  5 Soltani et al. (2015), Esmaeili et al. (2015), Wood et al. (2015), Thiel et al. 

(2015), and Campion et al. (2012).  

 One of the 3 Scopes 25 The other cited articles in Table 2. 

 No Quantitative Information 10 
Duane et al. (2014), Pollard et al. (2013),  Wormer et al. (2013), Bretti et al. 
(2013), Brown & Blanchard (2012), McGain et al. (2012), Connor et al. (2010), 
Yellowless et al. (2010), Wooten et al. (2010), and James (2007). 
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2.3.1 Diagnostic Services 

The radiology service and its direct and indirect environmental impacts were the topics of 

three articles. Esmaeili et al. [8] conducted a life cycle assessment study of the process energy 

and the natural resource energy associated with the computed tomography scan. They estimated 

an emission range of 10.2 kg to 15.8 kg CO2eq per patient for two brands of CT scanners.  The 

scopes of the other two studies were limited to the alternatives for intravenous (IV) contrast 

bottles [9] and ancillary computers and picture archiving and communication (PAC) systems 

[10].  Based on an Environmental Protection Agency (EPA) definition, endoscopy, cardiac 

catheterization, nuclear medicine, electroencephalograph (EEG) studies, and other modalities for 

digital imaging are also included in the diagnostic category, but no environmental assessment 

studies were found for these practices. 

2.3.2 Surgical Services 

Surgery functions represent the most resource-intensive practice performed in healthcare, 

and one of the highest waste-generating areas of hospitals is the operating room [5]-[11]. There 

are reports of successful strategies and actions for reducing waste, energy consumption, and 

water use in operating rooms [12-14]. However, the lack of life cycle assessment studies makes 

it difficult to generalize this information to other healthcare settings, and therefore a “cradle-to-

grave” life cycle view of activities in an operating room is needed [15].  One of the first areas 

that gained more attention was the quantification of emissions from anesthesia agents [16-17] 

and techniques that prevent the release of their waste into the environment [18-19]. Other LCA 

studies on reusables and disposable equipment, such as surgical scissors [20], laryngeal mask 

airways [21], central venous catheter kits [22], and prepackaged custom packs [23], have focused 

on just one component, and each study suggested a way for reducing the carbon footprint of 
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surgical functions.  However, this information should be integrated with other data, such as 

travel-related emissions [24] and the direct energy consumption of facilities, in order to create a 

full profile for each of the alternative surgery practices.  The process LCA studies relative to 

vaginal birth versus cesarean birth [25]; abdominal, vaginal, laparoscopic, and robotic 

hysterectomy surgery methods [11]; and a comparison of laparotomy, conventional laparoscopy, 

and robotically assisted laparoscopy surgical modalities [26] responded to this need with 

environmental profiles for a few practices that can have the same patient outcome.  Gilliam et al. 

[27] measured the direct CO2 emissions of laparoscopic surgery.  In addition, the EIO-LCA 

method was used to quantify the carbon footprint of minimally invasive surgery [28], surgical 

treatment of reflux control [29], and cataract surgeries [30]; however, the accuracy of EIO-LCA 

has raised discussion in recent years. 

2.3.3 Inpatient Care Services 

In this pool of articles, none of the inpatient care services described in EPA reports was 

assessed.  These are services such as orthopedic care, neurology care, urology care, cardiac care, 

psychiatric/behavioral health, geriatric care, palliative care, cancer care, medical surgical care, 

maternal child care, pediatric care, and rehabilitative care [2]. The only related studies were the 

assessment of the environmental impact of reusable and disposable bedpans [31], the choice of 

plastic for three different hydrophilic catheters [32], and the carbon footprint quantification of 18 

different diets of hospital patients [33]. 

2.3.4 Critical Care Services 

The major critical care services in hospitals are listed as surgical intensive care, medical 

intensive care, pediatric intensive care, cardiac intensive care, burn care, and neonatal intensive 

care [2]. The environmental impacts of these services were not specifically assessed; however, 
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some studies have tried to audit and quantify the waste [34], direct energy consumption of the 

equipment [35], and travel options for patients [36].  For generated wastes in critical care units, 

the results from Kubicki et al. [34] indicate that this impact can be assigned to inpatient care 

services because the characterization of these wastes is similar in both categories. 

2.3.5 Emergency Care Services 

In the literature, the emissions quantification related to emergency care services is limited 

to the ambulance travel and direct energy consumption of the emergency medical service (EMS) 

system.  Blanchard and Brown [37] measured the carbon footprint of two EMS systems, and 

later, the same team of scholars expanded their study scope and assessed fifteen (15) 

geographically distributed EMS systems in North America [38].  They concluded a 36.6 

kgCO2eq per ambulance response (median) for the service, which is close to the estimated 

35 kgCO2eq per ambulance response in Australian EMS systems [39].  The findings of these 

studies were used to calculate the marginal damage cost of North American EMS systems, which 

are estimated to be between $2.7 million and $9.7 million [40]. 

2.3.6 Dialysis Services 

Due to the nature of dialysis with a high amount of waste generation, energy 

consumption, and water use, efforts to seek improvement in the delivery of this service started 

earlier than most of the other healthcare practices [41].  Suggested approaches varied from the 

use of solar power [42], preference over home-based hemodialysis [43], choice of the dialysis 

machine and dialysis regime [44], and portable versus centralized water purification systems 

[45].  Regarding the characterization of waste, the dry and wet amounts of hazardous waste for 

chronic hemodialysis services were measured and reported by Piccoli et al. [46]. There are also 

studies that quantified the carbon footprint of the service, with averages of 22 kg CO2eq per 
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appointment [47], 17.9 kg CO2eq per treatment [44], 24.4 kg CO2eq per treatment [45], and total 

10.2 tonnes of CO2eq per patient per year [48]. 

2.3.7 Physical Therapy 

The only study related to physical therapy is a travel-related emission quantification for 

delivery of specialist osteoporosis care by using the peripatetic intravenous service (PIVS). 

Davie et al. [49] concluded that a “close-to-patient” PIVS can reduce hospital transportation by 

2,000 miles, the equivalent of 14.81 kg CO2eq per treatment. 

2.3.8 Outpatient Care 

Telemedicine and telehealth are approaches with a high potential for reducing the carbon 

footprint in various healthcare services, especially outpatient care [50].  Wootton et al. [51] 

reviewed the literature related to avoided patient visits and translated it to the possible 

environmental impact reduction for the entire Grampian NHS region of Scotland.  Other studies 

have focused on one specific site and calculated a carbon emissions reduction depending on the 

geographical distribution of the patients and their transportation mediums [52-53]. Moreover, the 

measurement of the direct energy consumption of the teleconsultation IT infrastructure reveals 

negligible environmental effects compared to the benefits of avoided travel [53-54]. This 

conclusion will still be valid even with the possible increase in staff travel and building envelope 

energy consumption as the result of teleconsultation activities [55]. 

In addition to the telemedicine studies, Pollard et al. [56] developed a decision-making 

framework for the planning of operations in a secondary outpatient facility, with the optimization 

of cost and environmental impact, by reducing the required travel and increasing the capacity. 

Later, the same framework was utilized and validated by use of the dental care and oral health 

carbon emission profile in a study by Duane et al. [57], and based on their scenario-based 
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capacity and travel planning, the GHG emissions of the dental care system can be reduced by 

10.85% [58].  Another study on dental care carbon emissions is related to the comparison of 

reusable and disposable dental burs [59]. 

2.3.9 Clinical Research 

Clinical research services occur in a wide variety of research settings, such as 

universities, laboratories, or healthcare facilities.  In the reviewed literature, the only study 

related to the environmental impact of clinical research activities is the study of Subaiya et al. 

[60], which focused on the profile of two clinical trials: CRASH-1 and CRASH-2. They 

measured the direct energy consumption of coordination facilities and the required travel for the 

two trials over one year, and established their carbon footprint profiles. 

3.3.10 Oncology/Cancer Care  

 “Green oncology” and the need for a shift to a new ecological paradigm in cancer 

treatment was introduced in a position paper published by the Italian College of Hospital 

Medical Oncology Directors who suggested strategies for moving toward an ecological 

sustainable oncology practice [61]. In the literature, no quantified profile for the oncology 

services could be found. 

2.3.11 Respiratory Care 

No article related to respiratory care was found in the pool of articles. 

2.3.12 Laboratory Services 

No article related to laboratory services was found in the pool of articles. 

2.3.13 Support Services 

Building design and envelope operations, waste management, and textile management are 

three subsectors of this category. 
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Facilities Management and Plant Operations: Hospital building architectural and 

design-oriented studies are the topic of many textbooks, and the effects of sustainable design 

were discussed in many published studies [5].  These include the operation aspects of the 

building envelope, especially HVAC systems, and the structural and behavioral strategies that 

can be implemented in order to reduce their environmental impact in the healthcare setting [62-

64]. Because building energy consumption cannot be tailored directly to a single healthcare 

practice, it is generally considered as a non-medical-based source of emissions, and these were 

not assigned to any of the aforementioned twelve service categories. Additional references 

regarding building design and the operational aspect of HVAC systems can be found in the 

studies of McGain and Nailor [5] and Brown et al. [4]. 

Waste Management and Waste Water Treatment: Waste treatment is among the 

activities that support all other practices in the hospital, and many studies are published 

regarding an effective way to dispose of hazardous material. For instance, an audit of the waste 

items for health and social care sites was performed and reported in order to emphasize the 

separation between hazardous and non-hazardous wastes in four healthcare settings [65]. 

Grimmond et al. [66] evaluated the environmental impact of replacing disposable sharp 

containers with reusable sharp containers.  In another study, an analytical approach was 

introduced in order to incorporate a new criterion—minimization of environmental impact—into 

the waste management system of hospitals that regularly identifies waste treatment techniques 

based on their cost-effectiveness [67]. This effort was later followed by other researchers as they 

measured three techniques involving a microwave, regular autoclave, and lime-based steam 

autoclave by using eco-efficiency metrics, and they found that the microwave technique had the 

lowest cost and environmental impact [68]. However, this study did not include incineration, 



 

25 

which is the most used technique in hazardous waste treatment in hospitals [69].  The results of 

one LCA study, indicate that with 30% heat recovery through hazardous waste incineration, 

there is the potential for positive environmental impact, due to the reduction in fossil fuel 

consumption. However, for a lower level of heat recovery, findings show that microwave 

disinfection is still the technique with the lowest environmental impact [70]. Also, for 

wastewater treatment in hospitals, the avoided impact by removing phosphorous, nitrogen, heavy 

metals, pharmaceuticals, etc., will result in a positive environmental impact [71-72]. 

Patient Textile Management: Overcash [73] reviewed six studies of reusable and 

disposable perioperative textiles, five of them related to their use in healthcare facilities. The 

average natural resource energy consumption was 8.64 and 20.82 megajoules (MJ)/gown for 

reusable and disposable gowns, respectively.  Using 0.06 kg/MJ as the conversion factor [45], 

the carbon footprint would be 0.519 kg CO2eq per one use of a reusable gown and 1.249 kg 

CO2eq per disposable gown. 

2.3.14 Administrative Topics 

Other articles discuss policies, strategies, and approaches that healthcare entities, in 

general, can take in order to reduce their carbon footprint [74-79]. Among them, Harper 

specifically articulated quantifying the carbon footprint of different treatments as an important 

piece that should be emphasized [80].  Moreover, roles and responsibilities of healthcare 

managers, physicians, nurses, and other hospital staffs are topics of many other published articles 

[81-84]. 

2.4 Discussion 

Medical decisions for quality patient care represent a new dimension for sustainability 

improvement in hospital energy, which has gained considerable attention during the past decade, 
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as shown previously in Figure 2.2. While the most of these studies were conducted in United 

Kingdom after 2009 (the year that National Health Service (NHS) set its carbon reduction targets 

[86]), the chronological order of the published articles shows the United States healthcare 

researchers adopted similar approach to reduce the environmental impact of the US hospitals 

activities.  Among these activities, the surgical and dialysis practices, because of the high 

required energy and the magnitude of waste generations, and the outpatient service, mostly due 

to the potential carbon reduction of telemedicine, were targeted and quantified by the healthcare 

scholars.  In order to extend these carbon footprint quantifications to other hospital services, a 

2012 National Science Foundation (NSF) Workshop, held at Wichita State University (WSU), 

began the discussions to initiate a conceptual framework that employs the LCA methodology to 

quantify the environmental impact of healthcare services and connect the sources of the 

emissions to the medical decisions. [2]  Such patient health decisions have a public health impact 

relative to both direct energy use (in-the-hospital) and indirect energy use (outside-the-hospital) 

from the standpoint of environmental emissions (air, water, and land) related to the generation of 

energy and manufacturing of consumables. 

This systematic literature review shows that today, patient care teams are substantially 

limited by a lack of data related to the environmental impact of their provided services.  Much of 

the available information regarding the twelve service segments of a hospital are concentrated in 

one of three scopes— travel-related energy, direct energy consumption, and embodied energy of 

the procured goods and equipment—and do not represent a total life cycle assessment regarding 

the delivery of the service.  Also, in many cases, the available data are not transparent and not 

structured to be easily additive in order to fill gaps in each scope. A protocol for the information 

content to be uniform across these future studies would thus be beneficial. 
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CHAPTER 3 

 

SCOPE OF ENERGY IMPROVEMENT FOR HOSPITAL CT IMAGING SERVICES 

IN THE UNITED STATES 

 

 

3.1 Introduction 

The U.S. healthcare sector comprised 17.6% of the nation’s GDP in 2009 [1], and this is 

projected to reach 19.3% by 2019 [2]. This large sector must meet the demands of a growing and 

aging population, and the expectations of society to reduce its energy footprint (carbon 

footprint).  As healthcare evolves and reimbursement patterns change, there is a foreseeable 

chance that payments could be in the form of an all-inclusive payment for the patient and not 

specific modality-driven reimbursement. Hospitals might then utilize the in-house energy and 

outside consumables information herein to reduce costs and improve sustainability.  Radiologists 

are creating anatomic images to help the medical community diagnose and treat patients.  

Imaging tools involve choices by radiologists (such as whether to use CT or MRI for an 

enterography, or whether to specify the CT protocol with or without contrast, or both).  

Consequently, this community has an inherent need to understand some of the unintentional 

impacts of imaging.  Two primary impacts of radiology are the following:  (1) direct in-hospital 

electricity costs, and (2) outside-the hospital public health impacts. 

The 76 million CT procedures performed in 2013 [3] may have a significant impact on 

hospital energy improvement.  In addition, overall hospital policies such as the Healthy Hospitals 

Initiative (HHI) [4], aimed at being more environmentally sustainable and cost-effective, must 

include all the various hospital services, including radiology.  This study is a step in the process 

to provide quantitative information to the radiology community so that they can be involved in 

problem-solving in order to make energy improvements while maintaining quality patient care.  
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Without radiology involvement, the conflict between outside (engineering teams) input and 

decisions for patient care usually leads to no change. 

3.2 Materials and Methods 

As a proof-of-concept study, the radiology departments of two general medical care and 

surgical hospitals were studied in Wichita, Kansas, here referred to as Hospital 1 (Wesley 

Medical Center) and Hospital 2 (Robert J. Dole Veterans Administration Hospital).  Hospital 1 

has four CT scanners, and data were collected only on the scanner having the highest utilization 

(GE Lightspeed 64-slice, 2007).  Hospital 2 has one CT scanner (Philips Brilliance 64-slice, 

2005).  

Data collection followed the principles for the development of a life cycle inventory [5].  

The boundary of the system was selected as the point at which a patient enters and exits the 

room.  Patient check-in and waiting room activities were not considered. Data were collected on 

all activities within the boundaries identified. The processes for CT delivery at the two locations 

are similar. The process begins with the technician escorting a patient into the main CT room. A 

patient may be wearing a hospital gown (disposable or reusable). The technician positions the 

patient on the CT machine bed. If the CT scan is to be conducted with contrast, then the 

technician inserts the catheter (if any) into the patient and changes the contrast and saline 

cartridges on the contrast delivery device. The technician exits the CT room to the observation 

space. CT and patient information are entered into the CT computer, and scanning begins.  The 

number of body parts scanned per patient series varies.  When the series is completed, the 

technician unhooks the catheter (if any) and escorts the patient out of the room.  After the patient 

leaves the room, the technician disinfects the room with wipes and chemicals.  The process 

begins again when a new patient enters the room. Data collection took the form of direct 
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observation, surveys of literature and technical manuals, real-time data acquisition of power 

using a portable power cell, targeted reviews of CT scheduling records, time studies, and 

interviews.  Table 3-1 provides more details about the data collection method. 

TABLE 3.1 

ENERGY AND MATERIALS DATA COLLECTED IN DELIVERY OF CT SCANS 

 Data Collection 
Categories 

Source of Energy 
Information 

Number of Patients Observed 

Hospital 1 Hospital 2 

Power CT Scanners Portable Power Cell Meter 104  55  

Ancillary Devices Equipment Information/Ratings - - 

Lighting Equipment Information/Ratings - - 

HVAC TRACE™ 700 Software - - 

Material Medical Textiles  Sample Amounts  126  56  

Medical Consumables Sample Amounts 126  56  

 
CT data were collected on various days during the months of May, 2011, to June, 2011 at 

Hospital 1, and from August, 2010, to September, 2010, at Hospital 2. The patient distribution 

during these periods was described as normal and thus comparable in both departments, and the 

electrical grid was the same. The functional unit was a single scan. However, national CT data 

on usage [3] are typically per procedure, so we also provide a per-patient basis, average scan-to-

patient ratios of 2.154 at Hospital 1 and 1.945 at Hospital 2. 

Among the observed patients, 41 patients at Hospital 1 and 33 patients at Hospital 2 had a 

single scan service.  For 63 observed patients at Hospital 1 and 22 patients at Hospital 2, two or 

more scans were performed.  These prescribed scans were related to either a single or multiple 

anatomic regions. Considering the equality of the average active energy for a single-scan service 

as well as the many different possible exam combinations for multiple scans, the multiple scan 

services were simply categorized based on the number of prescribed scans.  Table 3.2 reports the 

number of observed patients and percentages for different scan categories at Hospitals 1 and 2. 
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TABLE 3.2 
 

OBSERVED NUMBERS AND PERCENTAGES OF PATIENTS FOR DIFFERENT SCAN 
CATEGORIES AT HOSPTIALS 1 AND 2 

 

 

Hospital 1 – GE Hospital 2 – Philips 

Observed 
Patients and 
Percentages 

Observed 
Scans and 

Percentages 

Observed 
Patients and 
Percentages 

Observed 
Scans and 

Percentages 

Single Scan Patients 41 39% 41 18% 33 60% 33 31% 

Two Scans Patients 23 22% 46 21% 8 15% 16 15% 

Three Scans Patients 24 23% 72 32% 2 4% 6 6% 

Four Scans Patients 8 8% 32 14% 9 16% 36 34% 

Five Scans Patients 3 3% 15 7% 2 4% 10 9% 

Six Scans Patients 1 1% 6 3% 1 2% 6 6% 

High-Resolution Chest Exam Patients 4 4% 12 5% - - - - 

Total 104  224  55  107  

 
For the first time in a radiology life cycle assessment, the use of materials (e.g. syringes, 

clothes, IV contrast, etc.) were documented to provide a new avenue (through consumables 

reduction) for the hospital to obtain energy reduction credit.  Another important refinement of 

our LCA information was in separating the in-hospital use of energy (for the CT) from the 

outside-the-hospital use of energy (fuel to make electricity) and energy for manufacturing all 

consumables (with typically large, even global supply chains, known as cradle-to-gate life-cycle 

energy). In-hospital energy impact is the direct cost of electricity, which appears to be fully clean 

(comes from the wall), and powers the CT system.  Outside-the-hospital energy impact involves 

direct emissions (combustion to air, chemicals to wastewater, and solid waste to land) that are 

currently unquantified public health impacts as a result of the CT imaging healthcare service.  

For every kWh of in-hospital electricity consumption, there is an additional natural resource 

energy (nre) use related to the generation of electricity in power plants, with resulting emissions 

to the population (including patients).  In the results section, these refinements of information for 

creation of the life cycle inventory will be described. 
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3.3 Results 

3.3.1 In-Hospital Energy Consumption from CT Imaging Services 

3.3.1.1 Idle, Standby, Partial, and Active Energy  

The total in-hospital electrical energy for a single CT scan consists of four segments, and 

the energy (kWh) for each segment of energy is calculated by multiplying the power (kW) by the 

time (h). The four energy segments are as follows: (1) idle: energy used during the 24-hour cycle 

when no patient is in the CT room; (2) standby: energy used from the time the patient enters the 

room until they depart, hence the patient treatment time. [Idle power and standby power are 

essentially the same.  The mean duration (patient in to patient out) for the two segments was 

approximately the same at 14 minutes per series of scans]; (3) partial: energy while adjusting and 

moving to accommodate the patient, including table movements and taking scout (preliminary) 

images; and (4) active: energy to obtain the CT image. 

Figure 3.1 depicts the power signal and time line to deliver a single cervical-spine scan 

and from which all patient data were calculated in this study.   

 

Figure 3.1: GE CT scanner power signal and components for single cervical-spine exam 

Standby Power

P
a

ti
en

t 
- 

In

P
a

ti
en

t 
- 

O
u

t

No-Patient Time

10 kW

20 kW

30 kW

40 kW

50 kW

60 kW

70 kW

Active Power

Partial 
Power

Active Power

Partial Power

Exposure Duration

Time

Patient Treatment Time (hr:min:sec)
(Standby Energy Related)

P
o

w
e
r

Idle Power(Scanner

 Off Mode) 0 kW

No-Patient Time

Idle Power



 

39 

The major difference in scanners is primarily the level of power consumed in each segment. 

Scanner real-time in-hospital energy consumption was collected for 104 and 55 patients in 

Hospitals 1 and 2, respectively.  Since data collection was on different days, based on technician 

schedules, patients were assumed to be an essentially random sample. All patients were adults, 

and no patients were excluded. Only consumables data were collected for 23 additional patients. 

Single CT Scans and Energy Effect of Anatomy Scanned. Among the 159 observed 

patients, 41 patients at Hospital 1 and 33 patients at Hospital 2 had a single CT scan. Different 

anatomies require different amounts of radiation, thereby consuming different amounts of 

electrical energy.  The active energy is the product of power and time, so higher power can be 

compensated by less time.  The detailed results shown in Table 3.3 indicate that the Hospital 1 

GE scan machine used higher energy in four anatomic regions, while the Hospital 2 Phillips scan 

machine used higher energy in two anatomic regions (the other two anatomic regions were the 

same, and two contained insufficient comparative data). 

Figure 3.2 focuses on just the active, or CT image, energy for various patients based on 

the anatomy scanned, using a statistical box plot, which depicts the variability and skew in the 

metrics. The variation in energy by anatomy suggests that for some patients, one machine might 

use less energy to obtain the actual image.  This variation might favor one machine over another 

based on the hospital patient load.  The average active energy for a single scan at Hospitals 1 

and 2 is 0.131 and 0.132 kWh, respectively. Because the amount of active energy is dependent 

on the exposed radiation to the patient’s body, this result can be translated to the same amount of 

radiation exposure for both GE and Philips scanners, although there is considerable variability 

based on anatomy. The equality of exposed radiation for these two machines was studied [6], and 

results here validate the findings.  



 

40 

TABLE 3.3 
 

ACTIVE ENERGY OF SINGLE CT SCANS FOR DIFFERENT ANATOMIES 
AT HOSPTIALS 1 AND 2  

Anatomy Exam Type Setting – Machine Observed 
Patients 

Average 
Exposure 

Duration in 
Seconds 

(Std. Dev.) 

Duration 
Ratio 

(Philips/ 
GE) 

Average 
Power 
(KW) 

Power  
Ratio 
(GE/ 

Philips) 

Active 
Energy 
(kWh) 

Head Routine 
Head 

Hospital 1 – GE 8 12.2 (4.8) 
3.50 

33.6 
1.85 

0.114 

Hospital 2 – Philips 7 42.7 (2.4) 18.2 0.216 

Facial 
Bone/Orbits 

Hospital 1 – GE 4 4.2 (0.5) 
1.67 

26.6 
1.56 

0.031 

Hospital 2 – Philips 1 7.0 ( N/A) 17 0.033 

Spine Lumber 
Spine 

Hospital 1 – GE 3 12.7 (0.6) 
1.65 

93.2 
4.96 

0.329 

Hospital 2 – Philips 5 21.0 (2.3) 18.8 0.110 

Cervical 
Spine 

Hospital 1 – GE 2 10.0 (1.0) 
0.90 

53.6 
2.68 

0.149 

Hospital 2 – Philips 1 9.0 (N/A) 20 0.050 

Thoracic 
Spine 

Hospital 1 – GE 1 17.0 (N/A) 
N/A 

53.4 
N/A 

0.252 

Hospital 2 – Philips 0 N/A N/A N/A 

Chest Chest  Hospital 1 – GE 3 6.3 (1.2) 
1.98 

26.8 
0.78 

0.047 

Hospital 2 – Philips 10 12.5 (5.1) 34.3 0.119 

Angio/ Chest Hospital 1 – GE 6 6.2 (0.8) 
0.65 

74.3 
1.40 

0.128 

Hospital 2 – Philips 1 4.0 (N/A) 53.1 0.059 

Abdomen/ 
Pelvis 

Abdomen/ 
Pelvis  

Hospital 1 – GE 9 9.9 (1.9) 
1.19 

50.5 
1.25 

0.139 

Hospital 2 – Philips 6 11.8 (4.4) 40.5 0.133 

Pelvimetry Hospital 1 – GE 1 7.0 (N/A) 
N/A 

33.4 
N/A 

0.065 

Hospital 2 – Philips 0 N/A N/A N/A 

Extremities Lower 
Extremity 

Hospital 1 – GE 4 7.5 (1.9) 
2.67 

68.2 
5.13 

0.142 

Hospital 2 – Philips 2 20.0 (2.8) 13.3 0.074 

 

  

Figure 3.2: Box plots of active energy consumption of single CT scans for different anatomies at 
Hospitals 1 (left) and 2 (right) 
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Patients with Multiple Scans. Multiple scans were also measured and found to be 

generally incremental in energy use per scan, as shown in Figure 3.3. Results of the special high-

resolution chest scan were reported separately.  During the observation time in Hospital 1, four 

patients had multiple (three) scans. The reason for separating the high-resolution chest category 

is because of the significant difference in its active energy consumption, which is well above the 

regular three-scan patients. By combining single scan and multiple scans, the average active 

energy per patient was found to be 0.346 kWh (0.161 per scan) for Hospital 1 and 0.228 kWh 

(0.117 per scan) for Hospital 2, as shown in Table 3.4. 

    
 

Figure 3.3: Box plots of active energy consumption for single and multiple CT scans at 
Hospitals 1 (left) and 2 (right) 

 
Partial Energy. During the delivery of a CT scan, in addition to the primary scan 

exposure, other activities take place in the scanning room: injection of contrast, table 

movements, acquisition of scout images, etc.  These activities consume small amounts of energy 

that are not distinguishable from each other and cannot be assigned to specific scans; therefore, 

their energy values were added and reported as partial energy (Table 3.4) for different patient 

scans.  Results reveal the same stepwise pattern as with active energy; however, the average 

partial energy that the GE scanner consumes at Hospital 1 is about 2.9-fold greater in comparison 
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to the Philips scanner at Hospital 2.  The average partial energy value for the entire sample is 

0.293 kWh per patient for the GE scanner and 0.099 kWh per patient for the Philips scanner. 

TABLE 3.4 
 
ACTIVE, PARTIAL, STANDBY, AND IDLE ENERGY CONSUMPTION OF VARIOUS CT 

SCANS AT HOSPITALS 1 AND 2 
 

 
Setting – Machine Observed 

Patients 

Active 
Energy 
(kWh) 

Partial 
Energy  
(kWh) 

Standby 
Energy 
(kWh) 

Idle 
Energy 
(kWh) 

Single Scan Patients 
Hospital 1 – GE 41 0.131 0.182 0.942 N/A 

Hospital 2  – Philips 33 0.132 0.067 0.514 N/A 

Two Scans Patients 
Hospital 1 – GE 23 0.265 0.299 1.456 N/A 

Hospital 2  – Philips 8 0.232 0.097 0.667 N/A 

Three Scans Patients 
Hospital 1– GE 24 0.347 0.396 1.872 N/A 

Hospital 2  – Philips 2 0.403 0.082 0.663 N/A 

Four Scans Patients 
Hospital 1 – GE 8 0.667 0.436 1.910 N/A 

Hospital 2  – Philips 9 0.422 0.167 1.110 N/A 

Five Scans Patients 
Hospital 1 – GE 3 0.987 0.454 2.259 N/A 

Hospital 2  – Philips 2 0.404 0.282 1.666 N/A 

Six Scans Patients 
Hospital 1– GE 1 0.624 0.577 2.327 N/A 

Hospital 2  – Philips 1 0.893 0.224 1.418 N/A 

High-Resolution Chest Exam Patients 
Hospital 1– GE 4 1.816 0.292 1.770 N/A 

Hospital 2  – Philips 0 N/A N/A N/A N/A 

Average Per Patient Basis  
Hospital 1 – GE 104 0.346 0.293 1.428 10.706 

Hospital 2  – Philips 55 0.228 0.099 0.698 5.224 

 
Standby Energy. The other source of energy consumption is standby energy, which is 

the product of the entire treatment duration (patient in-to-patient out) and standby power, which 

is 6.07 and 3.04 kW for GE and Philips scanners, respectively.  The standby energy for each 

group of patients was the treatment duration times the standby power. The average treatment 

duration is 14:08 minutes in Hospital 1 and 13:46 minutes in Hospital 2, and Figure 3.4 shows 

the durations for each of these groups. The standby power for the GE scanner is greater than the 

Philips scanner, hence a difference in standby energy values (521 kWh for GE and 261 kWh for 

Philips). 
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Figure 3.4: Average treatment duration for each of six CT scan segments 
 

Idle Energy. The other source of machine energy consumption is its idle energy.  The 

idle energy during an eight-hour working shift is a function of the scanner utilization ratio and 

could not be estimated per patient directly.  However, it is known that the higher the utilization 

ratio, the lower the idle energy per patient.  One way to estimate the idle energy is to calculate it 

for a fixed utilization ratio over the eight-hour work day (21.5 days per month). In this study 

utilization is assumed to be 50%, based on anecdotal observations (which can be translated to the 

treatment of 365 patients in Hospital 1 and 375 patients in Hospital 2 in a month (based on 

average time per patient).  Both scanners are assigned to patient use 86 hours/month (i.e., 14 

minutes/patient and 370 patients per month).  Therefore, in a month, 730 hours minus 86 hours is 

644 hours that the scanners are in idle mode. The product of 644 hours idle time by standby 

power of two scanners (6.07 and 3.04 kW for GE and Philips, respectively) is equal to 3,909 and 

1,958 kWh per month, respectively.  Conversion to a per-month unit follows the 50% utilization 

ratio (365 patients for Hospital 1 and 375 patients for Hospital 2) and conversion to a per-scan 

unit follows the average scan-to-patient ratio of 2.154 at Hospital 1 and 1.945 at Hospital 2. 
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3.3.1.2 Ancillary Devices and Lighting Fixtures  

In addition to the CT scanner, several pieces of ancillary equipment were used in the CT 

scan room to process and deliver images. These included extra workstations in a control room, a 

blanket warmer, and a drug refrigerator.  In both CT rooms, there are other pieces of equipment, 

such as a cardiac trigger monitor and patient monitoring equipment at Hospital 1 and an 

automated external defibrillator and crane at Hospital 2, which are used rarely for patients; thus, 

these energy consumptions were ignored for purposes of this study.  The monthly ancillary 

energy consumption for Hospitals 1 and 2 is estimated as 1603.8 and 1241.0 kWh, respectively, 

as shown in Table 3.5. In addition, lighting fixtures are another source of patient care energy 

consumption. The monthly lighting energy consumption of the CT room is also 470.1 and 280.3 

kWh at Hospitals 1 and 2, respectively, as shown in Table 3.5.  The reported per-patient, per-

month, and per-scan basis results were estimated considering the same 50% utilization logic as 

idle energy.  The value of power for each item in Table 3.5 was taken from equipment ratings 

provided by the manufacturers. 
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TABLE 3.5 
 

ENERGY CONSUMPTION OF CT ANCILLARY DEVICES AND LIGHTING FIXTURES 
AT HOSPITALS 1 AND 2 

 

 Room Device/Model 
Load 
Power 
(kW) 

Time Used 
per Month 

(hours) 

Energy 
per 

Month 
(KWH) 

Ancillary 
Devices 

Hospital 1 – Control Room Monitor (NEC MultiSync® LCD1980SXi) 0.048 730 35.040 

Hospital 1 – Control Room Monitor (NEC MultiSync® LCD1980SXi) 0.048 730 35.040 

Hospital 1 – Control Room HP Workstation xw8200 0.600 730 438.000 

Hospital 1 – Control Room Monitor (HP Compaq LA1951g) 0.021 730 15.330 

Hospital 1 – Control Room HP Compaq 8000 Elite Ultra Slim Desktop 0.240 730 175.200 

Hospital 1 – Control Room Warming Cabinet  (Steris Amsco Dual-
Compartment) 0.840 730 613.200 

Hospital 1 – Control Room Refrigerator (NuCool Model C-RNU1708W) 0.130 730 94.900 

Hospital 1 – Control Room Dispensing Cabinets (Cardinal Health Pyxis) 0.170 730 124.100 

Hospital 1 – GE Room Fan (Holmes HASF2120) 0.100 730 73.000 

Hospital 2  – Control Room Workstation (Dell Precision 670) 0.188 730 32.336 

Hospital 2  – Control Room Dell 15-inch LCD Monitor 0.032 730 5.504 

Hospital 2  – Control Room Workstation (Dell Optiplex 780) 0.173 730 29.756 

Hospital 2  – Control Room Workstation (Dell Optiplex 780) 0.173 730 29.756 

Hospital 2  – Control Room Monitor (Dell 15-inch LCD Monitor) 0.032 730 5.504 

Hospital 2  – Control Room Monitor (Dell 15-inch LCD Monitor) 0.032 730 5.504 

Hospital 2  – Philips Room Refrigerator 0.130 730 94.900 

Hospital 2  – Control Room Warming Cabinet 0.840 730 613.200 

Lighting 
Bulbs 

Hospital 1 – Control Room Four Incandescent Bulbs (65-watt) 0.065 730 189.800 

Hospital 1 – GE Room Twelve Fluorescent Bulbs (T-8 type 32-watt) 0.032 730 280.320 

Hospital 2  – Control Room Four Fluorescent Bulbs (T-8 type 32-watt) 0.032 730 93.440 

Hospital 2  – Philips Room Eight Fluorescent Bulbs (Bent T-8 type 32-watt) 0.032 730 186.880 

 
3.3.1.3 Heating, Ventilation, and Air Conditioning 

The estimation of heating, ventilation, and air conditioning energy consumption in a 

particular area of a hospital with central HVAC units that serve the whole building is a 

challenge, depending on the position of the room in the building and internal installed systems.  

HVAC energy consumption for the CT scan rooms at Hospitals 1 and 2 was estimated using the 
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TRACETM 700 software package, which requires a variety of information as input for the energy 

simulation. This information includes the geometry and geographical location of the building, 

indoor temperature, and type of HVAC system, which was collected for each hospital. The 

output of the simulation is the energy intensity of the building, or energy consumed by the 

HVAC per unit area of the building. HVAC energy is principally determined by room size, 

which is generally not tailored for any specific machine when the building is designed years 

previously.  Note that the HVAC energy consumption was excluded from results for both 

hospitals in the final result.  This was because HVAC energy consumption is largely constant 

because hospitals and other healthcare facilities require clean environments overall, not just in 

CT scan rooms.  This is partly achieved by allocating HVAC to also remove the humidity and 

control the room pressure 24 hours a day, 365 days a year.  As such, HVAC energy is generally 

not medical-based energy, thus not under the control of the CT scan staff and not central to the 

comparison of CT scan alternatives.  However, the values are reported here for transparency.  

The resulting monthly HVAC energy consumption was calculated to be 1472.8 and 700.8 kWh 

for CT scan rooms in Hospitals 1 and 2, respectively, as shown in Table 3.6. 

TABLE 3.6 
 

ENERGY CONSUMPTION OF HVAC FOR TWO CT SCAN ROOMS 
AT HOSPITALS 1 AND 2 

 

Room Room Area 
(m2) 

Energy Intensity 
(kWh/month.m2) 

Monthly HVAC 
Energy Consumption 

(kWh) 

HVAC Energy 
Consumption per Patient 

(kWh) 

HVAC Energy 
Consumption per Scan 

(kWh) 

Hospital 1 56 26.3 1472.8 14.162 6.575 

Hospital 2 48 14.6 700.8 12.742 6.550 

 
3.3.1.4 Utilization Ratio Sensitivity Analysis 

Some portions of patient care energy consumption are proportional to the number of 

services delivered, i.e., active, partial, and standby energy.  On the other hand, the idle energy 
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and energy from ancillary equipment and lighting have constant characteristics during the day, 

and by increasing the number of diagnostic patients, the share of these types of energy per 

patient and per scan decreases significantly. To explore the effect of changing the number of 

patients on the final results, total energy per patient graph was plotted in Figure 3.5 for different 

levels of utilization. 

 

Figure 3.5: Sensitivity analysis of constant sources (idle, ancillary equipment, lighting) 
of energy consumption due to change in utilization ratio 

 
3.3.2 Outside-the-Hospital Energy Consumption from CT Imaging Services 

Two sources of outside-the-hospital energy consumption (referred to as natural resource 

energy, or nre) were quantified: (a) use of fuel energy in the process of electricity 

generation/transmission, and (b) manufacturing of consumables used in CT procedures. 

3.3.2.1 Electricity Generation and Transmission Energy Loss 

Outside-the-hospital use of energy (fuel to generate electricity and transmit it through the 

grid) was not considered in the first section of the energy consumption estimation. To do so, the 

in-hospital uses of process electrical energy should be converted to the natural resource energy 

by multiplying the process electrical energy by a factor of 3.44 [7]. This factor is the product of 
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the following two factors: (a) 3.13, reflecting the fuel energy consumed to generate and transmit 

electricity (USA grid mix of fuel), and (b) 1.1, a pre-combustion factor reflecting the energy 

consumed in delivery of fuel to the power plant.  Therefore, the nre minus the actual in-hospital 

electrical energy gives the outside-the-hospital energy for CT scans, as shown in Table 3.7.  

Thus, the outside-the-hospital energy is 2.44 times the in-hospital process electrical energy. 

TABLE 3.7 
 

COMPARISON OF DIFFERENT SOURCES OF CT ENERGY CONSUMPTION 
AT HOSPITALS 1 AND 2 

 
  Per Scan  Per Patient  Per Month  

  Hospital 1 
(GE) 

Hospital 2 
(Philips) 

Hospital 1  
(GE) 

Hospital 2 
(Philips) 

Hospital 1  
(GE) 

Hospital 2  
(Philips) 
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Active Energy  0.161 - 0.117 - 0.346 - 0.228 - 126.3 - 85.3 - 

Partial Energy  0.136 - 0.051 - 0.293 - 0.099 - 106.9 - 37.1 - 

Standby Energy  0.663 - 0.359 - 1.428 - 0.698 - 521.4 - 261.4 - 

Idle Energy  4.971 - 2.685 - 10.706 - 5.224 - 3,909.0 - 1,957.8 - 

Ancillary Equipment 
Energy  2.039 - 1.702 - 4.392 - 3.311 - 1,603.8 - 1,241.0 - 

Lighting Energy  0.598 - 0.384 - 1.288 - 0.748 - 470.1 - 280.3 - 

In-Hospital Energy Use 
for Patient Care 8.568 - 5.298 - 18.453 - 10.307 - 6,737.6 - 3,862.9 - 

Out-of-Hospital Energy 
Use for Patient Care - 20.905 - 12.927 - 45.024 - 25.150 - 16,439.6 - 9,425.5 

Disposable Materials 
Energy  - 0.784 - 1.409 - 1.689 - 2.740 - 616.6 - 1,027.4 

Reusable Textile Energy  - 3.646 - 4.037 - 7.8528 - 8.937 - 2,944.8 - 3,351.5 

Total Downstream  
Energy  - 25.335 - 18.373 - 54.566 - 36.827 - 20,000.9 - 13,804.4 

Total Energy (nre-kWh) 33.903 23.671 73.019 47.135 26,738.4 17,667.3 
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3.3.2.2 Reusable Textiles and Disposable Consumables 

Energy Consumption of Reusable Textiles. Another source of outside-the-hospital 

energy is the energy used in manufacturing, laundering, sterilizing, packaging, and transporting 

processes for medical textiles. In this study, the rate of consumption for fitted sheets, pillow 

covers, towels, and blankets were recorded during observations. Based on the recorded data, 

each patient uses approximately 1,154 and 761 grams of medical textiles at Hospitals 1 and 2, 

respectively.  For all types of reusable textiles, the cradle-to-gate energy information of 75 cycle 

uses per gown is used. Life cycle inventory information shows that a gown with 75 cycle uses 

utilizes 24.5 MJ of nre for every kg consumed [8].   Outside-the-hospital energy estimates for 

manufacturing, laundering, sterilizing, packaging, and transporting processes for medical textiles 

are 7.853 and 8.937 nre-kWh per patient at Hospitals 1 and 2, respectively. 

Table 3.8 shows the estimation of the CTG natural resource energy in reusable medical 

textile consumables in CT scan rooms in Hospitals 1 and 2. These weight values are estimated 

based on the observed patients at both hospitals. Following the 50% utilization assumption, the 

nre values can be converted to a monthly basis. 

TABLE 3.8 
 

REUSABLE TEXTILE CONSUMPTION RATE AND CTG LIFE CYCLE ENERGY  
FOR CT SCAN SERVICE  

 

 Textile Type Weight of Textiles 
(kg per Patient) 

Textiles CTG Energy  
(kWh per Patient) 

Hospital 1 – GE 
CT Scan Room 

Sheets 0.4821 3.2798 

Blanket 0.6665 4.5339 

Pillow Covers 0.0058 0.0394 

CTG Energy (nre-kWh) for Hospital 1 Reusable Textiles per Patient 7.8528 

Hospital 2  – Philips  
CT Scan Room 

Sheets 0.5524 3.7576 

Blanket 0.6777 4.6102 

Pillow Covers 0.0649 0.4416 

Wash Towel 0.0188 0.128 

 CTG life (nre-kWh) for Hospital 2 Reusable Textiles per Patient 8.9373 
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Energy Consumption of Disposable Materials.  Based on CT data, each patient uses 

approximately 440 and 367 grams of disposable medical materials at Hospitals 1 and 2, 

respectively, which was recorded over the observed time.  The list of products consumed per 

patient for service delivery at both hospitals are reported in Table 3.9.   Product composition was 

based on information published by the manufacturer or found on the Internet, generally from 

material safety data sheets (MSDSs).  For this study, the values of CTG nre, i.e., energy 

consumed for producing the materials, were obtained from the LCI database [7]. For solid 

consumables, the after-use energy consumption, which is related to disposal, were excluded in 

this study because most are inert plastics and only create a small amount of energy for landfill 

operations.  In hospitals, the solid medical waste regulated by EPA [9] should be disposed of by 

either hazardous waste incineration or steam autoclave sterilization and a sanitary landfill [10].  

Liquid wastewater treatment was not included for lack of organic content data. Table 3.9 shows 

products (rows) consumed per series (i.e., per patient) for service delivery at Hospitals 1 and 2.  

The data source is the observed procedures during the study.  Table 3.9 also shows the 

ingredients of the consumable products (columns). The table is ordered from largest to smallest 

mass and excluded materials with masses less than 0.5% of their total mass (2.228 grams per 

patient for Hospital 1 and 1.846 grams per patient for Hospital 2).  The excluded products in 

Hospital 1 are the intravenous kit package (2 grams per patient), transpore tape (1.5 grams per 

patient), and tegaderm (1.5 grams per patient). The excluded products in Hospital 2 are oral 

contrast drink mix (0.96 gram per-patient), contaminated bleach water (0.42 gram per patient), 

and bed cleaning solution (0.36 gram per patient).  Estimated outside-the-hospital energy for 

disposable materials is 1.689 and 2.740 nre-kWh per patient at Hospitals 1 and 2, respectively.  

The CTG energy for these few materials are not available, and so the results are underestimated.  
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TABLE 3-9 

 DISPOSABLE MATERIAL CONSUMPTION AND CTG NRE FOR CT SCAN SERVICE 

Hospital 1 – GE 
CT Room Material 
Consumption 
(grams/patient) 
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Total 
Mass 

(grams) 
and CTG 
energy 

Iodine Contrast 43.30                 72.03 40.39           155.7 
Injector Syringes   8.262 27.45 99.79                         135.5 
Oral Contrast 84.86 11.05                   0.857         96.8 
Saline 24.38 7.381             0.221               32.0 
Saline Syringes  5.191   0.524 4.190         0.047               10.0 
Tourniquet Applicators     4.000                           4.0 
Gloves             1.869 1.869                 3.7 
Wiping Cloths   0.243     1.488 1.218                     2.9 
Total Mass (grams/patient) 157.73 26.93 31.98 103.98 1.49 1.22 1.87 1.87 0.27 72.03 40.39 0.86         440.6 
CTG Energy (MJ/kg) 0.0008 34.1 33 33.5 62.6 30 27.9 19.7 7.6 5.6 N/A N/A          
CTG Energy (kWh/patient) 3.5E-05 0.255 0.293 0.968 0.026 0.010 0.014 0.010 0.001 0.112 N/A N/A         1.689 

Hospital 2 – Philips 
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Total 
Mass 

(grams) 
and CTG 
energy  

Iodine Contrast   3.000   34.00           27.50 14.12 14.12 14.12 0.225 43.06           150.1 
Injector Syringes   10.18 14.47 49.82                                 74.5 
Sling      1.929                         43.39         45.3 
Gloves             19.45 19.45                         38.9 
Saline 29.59 1.065 0.296           0.266                       31.2 
Oral Contrast 2.906 1.607                             0.674 0.674 1.348 0.674 7.9 
Saline Syringes 5.536   0.554           0.050                       6.1 
Wiping Cloths         2.750 2.250                             5.0 
IV Catheter and Gauze    2.411               2.41                     4.8 
Garbage Bags     3.497                                   3.5 
Total Mass (grams/patient) 38.03 18.26 20.74 83.82 2.75 2.25 19.45 19.45 0.32 29.91 14.12 14.12 14.12 0.225 43.06 43.39 0.674 0.674 1.348 0.674 367.4 
CTG Energy (MJ/kg) 0.0008 34.10 33.00 33.50 62.60 30.00 27.90 19.70 7.60 29.00 51.10 N/A N/A N/A 26.60 42.20 N/A 22.60 N/A N/A  
CTG Energy (kWh/patient) 8.5E-06 0.173 0.190 0.780 0.048 0.019 0.151 0.106 0.001 0.241 0.200 N/A N/A N/A 0.318 0.509 N/A 0.004 N/A N/A 2.740 
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3.4 Discussion 

The obvious electrical requirement for obtaining a CT image is the direct electrical 

energy (active energy) from inside the hospital during a short imaging period (seconds).  

However, the full energy needs for a patient CT scan extends beyond this active energy to a 

much larger in-hospital electrical energy consumption (partial, standby, idle, ancillary 

equipment, etc.).  Also, the CT footprint goes substantially beyond the in-hospital electrical 

energy from a life cycle perspective to the use of fuel for generation and transmission of 

electricity and manufacturing of all consumables for a CT scan.  This larger life cycle footprint is 

outside the hospital and represents a direct impact on the population’s public health, including 

patients receiving the scan (through emissions to air, water, and land). 

The total CT scan footprint is 24–34 kWh of natural resource energy per scan (47-73 nre-

kWh per patient) but the apparent immediate patient scan energy to acquire the image is only 

about 1.6% of this total (Figure 3.6).  This large multiplier to obtain total CT energy is a 

previously undocumented environmental effect of the direct radiology order for a CT scan. 

 

Figure 3.6: Comparison of different sources of per patient energy consumption at Hospitals 1 and 2 
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The in-hospital energy related to CT idle periods (no patients) is about 14–30-fold higher 

than the active energy of the CT image.  The total in-hospital electrical energy of a CT scan is 

about 25% of the total energy footprint.  The outside-the-hospital CT energy footprint is 54–62% 

of the total for electricity generation from the grid, while 13–22% is for all the energy needed to 

manufacture consumables.  In addition, different CT scan machines influence the results and 

could help guide the purchase of CT equipment. 

The radiology community can utilize this new information database to examine other CT 

scanners or the influence of patient distribution on these potential energy improvements.  This 

community can also examine consumables, the utilization factor, and strategies to lower idle 

energy.  Based on an annual 76 million U.S. CT procedures, any of the mentioned improvements 

will reduce the 550 million kWh of in-hospital electricity use as well as 1,200 million kWh of 

out-of-hospital energy losses and 370 million kWh of consumed materials. The WSU research 

group is seeking interested radiology groups to examine potential changes that have lower 

energy use and improved hospital sustainability programs.  The CT energy values (nre) can also 

be directly converted to CO2eq.  Thus, the carbon footprints per scan are 7.3 kg CO2eq for 

Hospital 1 (GE) and 5.1 kg CO2eq for Hospital 2 (Philips). 
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CHAPTER 4 

 

HOSPITAL PATIENT CARE AND OUTSIDE-THE-HOSPITAL  

ENERGY PROFILES FOR DIAGNOSTIC X-RAY IMAGING SERVICES 

 

 

4.1 Introduction 

The U.S. Department of Energy (DOE) has reported that healthcare buildings used 515 

trillion Btu’s of total energy in 1999, which was 9% of the total energy consumed by all 

commercial buildings in the United States in the same year, while healthcare accounted for only 

4% of the total commercial floor space [1].  The high-energy-intensive healthcare facilities were 

reported to contribute to 8% of total U.S. greenhouse gas emissions and 7% of total U.S. carbon 

dioxide emissions in 2007 [2]. Therefore, most hospitals and the large healthcare organizations 

have made sustainability a priority [3], and so radiology can contribute directly to this effort. 

Radiologists create anatomic images to help the medical community diagnose and treat 

patients.  Two environmental impacts resulting from prescribing x-ray images are direct in-

hospital electricity consumption and unintentional outside-the hospital public health impacts.  

The study also provides a detailed accounting of energy and materials consumed by an x-ray 

diagnostic imaging healthcare service. Approximately 183 million x-ray procedures were 

performed in 2010 [4]. According to the literature review, no life cycle assessment study has 

been conducted for x-ray diagnostic imaging in healthcare. 

4.3 Materials and Methods 

Data collection followed the principles for developing a life cycle inventory [5].  Data 

were collected during the months of January through June, 2010. The setting for this study was 

the radiology department of a Midwestern general medical care and surgical hospital, Robert J. 

Dole VA Medical Center, in Wichita, Kansas, referred to here as Hospital 1. The x-ray services 
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area consists of four x-ray rooms; however, only the two most highly utilized x-ray rooms were 

studied, and different sources of energy consumption were reported.  For this paper, the data 

collected are identified by the x-ray brand of equipment. The x-ray scanners studied are the GE 

Definium 8000 and the Philips DigitalDiagnost. 

Study boundaries were the x-ray room on a 24-hour basis in which a patient enters and 

exits the room at various times.  Patient check-in and waiting room activities were not 

considered. Data were collected on all activities within the boundaries identified.  The process 

for the delivery of a series of x-rays, for both GE and Philips machines, begins with the 

technician escorting a patient into the room.  The patient may be wearing a hospital gown. The 

technician positions the patient for the first x-ray and leaves the room or area.  The technician 

sets the machine by choosing the imaging protocol based on the prescribed x-ray and anatomy 

size, pushes the plunger of the device, waits for several milliseconds for a steady picture, and 

pushes the plunger once again to take the image.  This is repeated for the next x-ray.  The 

number of images per patient varies according to the exams prescribed; for example, a chest x-

ray would include both front and side views.  When all x-rays series for that patient are 

completed, the patient is escorted out of the room.  When necessary, the x-ray equipment is 

wiped down with cleaning materials.  Additionally, as a regular hospital cleaning procedure, the 

floor of the room is mopped two to three times each day.  For emergency purposes, equipment in 

the GE and Philips rooms, as well as all other areas, remain in ready mode (all equipment is 

powered on, a constant temperature maintained, and the lights are left on) 24 hours per day for 

365 days per year.  During staff off hours, technicians are on call for emergencies. 

Data collection for this study took the form of observation, time studies, real-time 

metered power consumption, a review of imaging department scheduling records, and a review 
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of technical manuals and literature.  Time studies were conducted to determine the duration spent 

setting up the x-ray room and equipment, preparing a patient for delivery of the x-ray service, 

post-processing of the x-ray, and x-ray room clean up.  Table 4.1 lists data collection categories 

and sources. 

TABLE 4.1 
 

DATA COLLECTION CATEGORIES AND METHODS USED 
 

 Data Collection 
Categories Source of Energy Information 

Observed Number of 
Patients/Series  

GE Philips 

Power X-Ray Scanners Portable Power Cell Meter 74  44  

Ancillary Devices  Equipment Information/Ratings - - 

Lighting Equipment Information/Ratings - - 

HVAC TRACE™ 700 Software - - 

Materials Medical Textiles  Sample Amounts  250  153  

Medical Consumables Sample Amounts 250  153  

Cleaning Products Sample Amounts and Interviews - - 

 
Three functional units were chosen in order for radiologists to better use the obtained 

information:  (1) monthly energy consumption of the performing x-ray service, (2) energy 

consumption for a diagnostic image of one patient, and (3) energy consumption per image taken 

by one x-ray exposure. Also, the use of disposable and textile materials was documented to 

provide a new avenue (through consumables reduction) for the hospital to obtain energy 

reduction credit. The outside-the-hospital energy impacts are direct emissions (combustion to air, 

chemicals to wastewater, and solid waste to land) that are currently unquantified public health 

impacts from the diagnostic x-ray imaging service. For every kWh of in-hospital electricity 

consumption, there is an additional natural resource energy use related to the generation of 

electricity in power plants and transmission to the hospital, with resulting emissions to the 

population. Therefore, the in-hospital uses of process electrical energy are next converted to 

nre by multiplying the process electrical energy by a factor of 3.44 as described in Chapter 3 [6].   



 

58 

The study sample consists of both single anatomy scans (with multiple images) and 

multiple anatomy scans. Table 4.2 shows the observed number of x-ray series during the study 

period. The majority, or 88%, of x-ray series was delivered for single anatomy scans. The other 

12% were series of x-ray images taken of two to six anatomical parts in a single visit to the x-ray 

department. As shown, the overall average exposure per patient is the result of dividing the total 

number of exposures by the total number of patients.  The same method was used for calculating 

the average exposure per prescribed anatomy and average anatomies per patient. 

TABLE 4.2 
 

SAMPLE SIZE FOR SINGLE AND MULTIPLE ANATOMY X-RAY SCANS  
 

Scanner Scan Type Number of  
Patients 

Total Scanned 
Anatomy 

Total  
Exposures 

Average  
Exposures  
per Patient 

Average  
Exposures  

per Anatomy 

Average  
Anatomies  
per Patient 

GE  
(250 Patients) 

Single Anatomy 219 (88%) 219 772 
4.416 3.768 1.172 

Multiple Anatomies 31 (12%) 74 332 

Philips  
(153 Patients) 

Single Anatomy 134 (88%) 134 509 
4.582 3.983 1.150 

Multiple Anatomies 19 (12%) 42 192 

 
4.3 Results 

4.3.1 In-Hospital Sources Energy Consumption from X-Ray Services 

4.3.1.1 Active, Standby, and Idle Energy  

X-ray scanners are the major source of in-hospital energy consumption for delivering the 

x-ray service. Figure 4.1 depicts the power signal and time line of taking two chest x-rays. In the 

series of exposures shown, the preparation process, called stage A, took place while the x-ray 

filament was heating, the rotor was increasing speed, and some processes were being verified.  

During stage X, the x-ray beams are generated and the image is created. Stage B indicates post-

exposure verifications and image recording. 
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Energy consumption (kWh) of the x-ray scanners is calculated by multiplying the power 

(kW) by the time (h) and is categorized into three energy segments: (1) Idle: Energy used during 

the 24-hour cycle when no patient is in the x-ray room; (2) Standby: Energy used when the 

patient enters the room until they depart, hence the patient diagnostic time. [Idle and standby 

powers are essentially the same (1.94 kW for GE and 0.86 kW for Philips).  The mean duration 

(patient in-to-patient out) for the GE x-ray room was 7.75 minutes and for the Philips room 

averaged two minutes longer at 9.82 minutes.]; (3) Active: Energy is consumed during delivery 

of x-rays, which is the area under the power signal curve described by A, X, and B in Figure 4.1, 

and the area above the kW standby power that is the incremental active power. For a series of x-

ray images, active energy is totaled over all exposures of each anatomy study. 

 

Figure 4.1: Power signal for front view (lower power) and side view (higher power)  
chest x-rays of one patient with timeline stages A, X, and B for delivery of x-ray series. 
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Active Energy Calculation. Of the total patients observed, 74 GE patients (with 272 

exposures) and 44 Philips patients (with 179 exposures) were studied with detailed power 

signatures for single anatomy scans.  Figure 4.2 shows the average exposure energy and skew in 

data collected for each of the anatomy types.  

      

Figure 4.2: Box plots of energy exposure for different anatomies 

Table 4.3 summarizes the observed value of the energy consumption for exposure, and 

using the study outcomes, the average exposure energy consumptions was calculated as 3.32 

watt-hours per exposure for GE and 1.57 watt-hours per exposure for Philips. The majority, or 

88%, of x-ray series was delivered for a single anatomy scans. The other 12% was a series of 

x-ray images taken of two to six anatomical parts in a single visit to the x-ray department.  For 

instance, for one specific patient in the GE room, three body parts were scanned and a total of 15 

images were taken: seven images of the spine, five images of the hip, and three images of the 

arm.  Since there are different scan combinations in the multiple-anatomy category, the power 

signatures of this group were not analyzed, and instead the average exposure energy was used to 

estimate the active energy of this 12% of patients (3.32 watt-hours for GE scanners and 1.57 

watt-hours for Philips scanners).  For example, for the previously mentioned GE patient with 15 

images, the active energy can be calculated as 15 * 3.32 = 49.8 watt-hours or 0.0498 kWh. Based 
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on the number of images taken from both single-anatomy and multiple-anatomy datasets, an 

overall average of 4.42 and 4.58 exposures per patient for GE and Philips scanners was 

determined. Having the average exposure energies for both machines, and also the average 

number of exposures for v.4 shows the calculated active energy as 0.0147 and 0.0072 kWh per 

patient for GE and Philips, respectively. Table 4.4 shows the estimation of x-ray active energy 

for various anatomies. 

TABLE 4.3 
 

ENERGY CONSUMPTION OF SINGLE X-RAY SCANS FOR VARIOUS ANATOMIES 
 

Single 
X-Ray Scan 

Sc
an

ne
d 

A
na

to
m

y 

N
um

be
r 

of
 P

at
ie

nt
s 

N
um

be
r 

of
 E

xp
os

ur
es

 

A
ve

ra
ge

 E
xp

os
ur

e 
pe

r 
A

na
to

m
y 

Po
w

er
 M

et
er

 M
ea

su
re

m
en

t  
(n

o.
 o

f p
at

ie
nt

s, 
no

. o
f  

ex
po

su
re

s)
 

A
ve

ra
ge

 E
xp

os
ur

e 
E

ne
rg

y 
 

(w
at

t-h
ou

rs
) 

GE  
Scanner 

Head 7 18 2.57 (3, 11) 3.084 

Chest 81 178 2.20 (26, 60) 3.001 

Spine 20 123 6.15 (5, 36) 4.955 

Shoulder 11 40 3.64 (6 ,21) 2.849 

Abdomen-Pelvis 21 73 3.48 (4, 14) 3.558 

Upper Extremities 14 40 2.86 (8, 21) 2.771 

Lower Extremities 65 300 4.62 (22, 109) 2.925 

Weighted Average for Single Anatomy Patient 3.318 

Philips  
Scanner 

Head 5 12 2.40 (3, 7) 1.549 

Chest 45 94 2.09 (10, 20) 1.225 

Spine 22 113 5.14 (7, 36) 2.098 

Shoulder 12 65 5.42 (4, 26) 1.363 

Abdomen-Pelvis 16 79 4.94 (6, 24) 2.356 

Upper Extremities 8 30 3.75 (2, 7) 0.997 

Lower Extremities 26 116 4.46 (12, 59) 1.067 

Weighted Average for Single Anatomy Patient 1.570 
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TABLE 4.4 
 

ESTIMATION OF X-RAY ACTIVE ENERGY FOR VARIOUS NUMBER OF SCANNED 
ANATOMIES 
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GE  
Scanner 

1-Scanned Anatomy Patients 219 772 3.53 3.318 11.69 

2-Scanned Anatomies Patients  23 187 8.1 - = 3.318 *   8.1 =   26.97  

3-Scanned Anatomies Patients  6 84 14.0 - = 3.318 * 14.0 =   46.45 

4-Scanned Anatomies Patients  1 18 18.0 - = 3.318 * 18.0 =   59.72 

6-Scanned Anatomies Patients  1 43 43.0 - = 3.318 * 43.0 = 142.66 

GE Scanner - Active Energy per Patient (based on percent of patients with 
various numbers of scanned anatomies) 

14.65 

Philips  
Scanner 

1-Scanned Anatomy Patients 134 509 3.80 1.570 5.96 

2-Scanned Anatomies Patients  17 144 8.5 - = 1.570 * 8.5 =  13.30 

4-Scanned Anatomies Patients  2 48 24.0 - = 1.570 * 24  =  37.68 

Philips Scanner - Active Energy per Patient (based on percent of patients with 
various numbers of scanned anatomies)  

7.19 

 
Standby Energy Calculations. Standby energy is the product of power for the entire 

diagnostic duration (patient in-to-patient out) and for standby power, which are 1.94 and 0.86 

kW for GE and Philips scanners, respectively. The average patient duration in the GE room was 

7.75 minutes, while in the Philips room this duration was measured as 9.81 minutes.  The 

difference in patient service duration can be partly explained by the degree of automation, where 

the GE scanner is highly automated.  Also, the GE scanner has an extra detector underneath the 

bed, which reduces the service duration because technicians do not need to leave the control 

room to set the detector because it is underneath the bed when needed.  In addition to the 

scanner, standby power includes power from the attached computer and monitors that process the 
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image taken by the machine. Table 4.5 lists the equipment included in the standby energy of the 

two scanners. 

TABLE 4.5 
 

EQUIPMENT INCLUDED IN CALCULATION OF STANDBY ENERGY  
OF TWO SCANNERS 

 
Equipment Brand 

GE Console Monitors (2) NEC MultiSync LCD 1990 Xi 

GE Console Chassis HP xw8200 Workstation 

Philips Console Monitor EIZO FlexScan S1910-M - LCD Display 

Philips Console Chassis Sun Blade 2500 

 
Even though the time to deliver a series of x-rays is shorter for the GE machine, standby 

energy consumed by the GE machine is almost 1.8 times greater than the Philips machine 

because of the greater GE standby power. Considering the power consumption in standby mode 

as well as service duration, standby energy consumptions are estimated as 0.251 and 0.141 kWh 

per patient for the GE and Philips, respectively. 

Idle Energy Calculations. Idle energy is the energy consumed while the x-ray scanners 

are waiting for the next patient, i.e., the x-ray room and all equipment are empty and idle.  The 

idle energy during the eight-hour working shift is a function of the scanner utilization ratio and 

could not be estimated per patient directly.  Alternatively, idle energy is calculated for a fixed 

utilization ratio over the eight-hour work day (21.5 days per month).  In this study, utilization is 

assumed to be 50% for both machines to allow a comparable analysis, which can be translated to 

the monthly treatment of 666 patients for the GE room and 526 patients for the Philips room 

(666 patients × 7.75 minutes = 86 hours; 526 patients × 9.81 minutes = 86 hours). The observed 

utilization rate was 46% for GE and 36% for Philips. Since the number of x-ray series delivered 

after hours (after an eight-hour day) and on weekends was found to be a rare occasion, that time 



 

64 

(after hours and weekends) is counted as idle time.  Therefore, in a month, 730 total hours minus 

86 patient-hours is 644 hours in idle mode for both rooms.  The product of 644 hours idle time 

by standby power of two scanners (1.94 and 0.86 kW for GE and Philips scanners, respectively) 

will result in monthly idle energy consumptions of 1249.4 and 553.8 kWh for GE and Philips 

rooms, respectively. 

4.3.1.2 Ancillary Devices and Lighting Fixtures 

In addition to the x-ray scanners and the equipment listed in  Table 4.6, several pieces of 

ancillary equipment are used in the radiology department, including cassette readers and 

computers, server computer, and printer. The cassette readers are used about 20 to 25 times per 

day for special views that cannot be performed by the machine detector.  The printer is used once 

or twice in a week for very special cases. All images taken are transferred to doctors 

electronically using a department server computer. Although the utilization ratio of the ancillary 

equipment is low, all of these are kept turned on to be available in emergency situations. For all 

of these pieces, the standby power is used in this study.  The value of power for each entry in 

Table 4.6 was taken from the equipment rating provided by the manufacturer. Also, the 

radiology department, which includes both GE and Philips rooms as well as a shared area for the 

printer, cassette readers, and server, is equipped with 32-watt fluorescent and 120-watt 

incandescent light bulbs.  For the shared pieces and shared lighting fixtures, 50% of the energy 

consumption was assigned to each x-ray scanner.  Therefore, a monthly energy consumption of 

458.1 kWh for ancillary equipment in the GE room and 303.3 kWh for ancillary equipment in 

the Philips room are calculated. Also, the monthly energy consumption for lighting in the GE 

and Philips rooms was calculated as 272.3 and 248.9 kWh, respectively. 
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TABLE 4.6 
 

ENERGY CONSUMPTION OF ANCILLARY EQUIPMENT AND LIGHTING FIXTURES  
 

Room Equipment Model 
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GE CR Equipment FCR XG5000 Image Reader  0.3 730 219.0 - 

GE CR Computer Dell OptiPlex GX620 Mini-Tower 0.06 730 43.8 - 

GE CR Monitor Elo 1515L 15-inch Touchmonitor 0.032 730 23.36 - 

Philips CR Equipment FujiFilm FCR Carbon™ 0.1 730 - 73.0 

Philips CR Computer Dell OptiPlex GX620 Small Form  0.048 730 - 35.04 

Philips CR Monitor Elo 1515L 15-inch Touchmonitor 0.032 730 - 23.36 

Shared Server PC Dell OptiPlex 755 Small Form  0.048 730 17.52 17.52 

Shared Server Monitor Dell 15-inch LCD Monitor 0.032 730 11.68 11.68 

Shared Printer DryPix 5000 Dry Laser Imager  0.32 730 116.8 116.8 

Shared Printer Monitor Dell 15-inch LCD Monitor 0.032 730 11.68 11.68 

Shared Printer PC Dell OptiPlex GX150 Ultra Small  0.039 730 14.235 14.235 

Ancillary Energy (kWh) per Month   458.08 303.32 

Ancillary Energy (kWh) per Patient   0.688  0.577 

GE  Five Fluorescent Bulbs 32 Watt T8  0.032 86 13.76 - 

GE  Eight Incandescent Bulbs 120 Watt  0.12 172 165.12 - 

Philips  Four Fluorescent Bulbs 32 Watt  0.032 86 - 11.008 

Philips  Seven Incandescent Bulbs 120 Watt  0.12 172 - 144.48 

Shared  Eight Fluorescent Bulbs 32 Watt  0.032 730 93.44 93.44 

Lighting Energy (kWh) per Month    272.32 248.93 

Lighting Energy (kWh) per Patient    0.409  0.473 

 
4.3.1.3 Heating, Ventilation, and Air Conditioning  

Hospitals and other healthcare facilities require a clean environment, which is partly 

achieved by having the HVAC system remove humidity and control room pressure 24 hours a 

day, 365 days a year.  Essentially the HVAC energy is determined by the room size, which is 

generally not tailored for any specific scanner, when the building design was done years ago. As 

such, the HVAC energy is generally not medical-based energy and thus not under the control of 
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the radiology department staff.   However, the values are discussed here for transparency.  The 

HVAC energy consumption for the radiology department at the hospital was estimated using the 

TRACE™ 700 software package.  The output of the simulation is the energy intensity of the 

building, signifying the energy consumed by the HVAC per unit area of the building.  Using the 

energy intensity and the room area, Table 4.7 shows the calculation of monthly HVAC energy 

consumption to be 596.6 and 627.8 kWh for GE and Philips rooms, respectively. 

TABLE 4.7 
 

ENERGY CONSUMPTION OF HVAC FOR DIFFERENT FUNCTIONAL UNITS 
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GE Room 20 19 14.606 596.6 666 0.855 4.416 0.194 

Philips Room 24 19 14.606 627.8 526 1.194 4.582 0.261 

 
4.3.1.4 Utilization Ratio Sensitivity Analysis 

Patient care energy consumption values include five energy elements: (1) active, (2) 

standby, (3) idle, (4) ancillary, and (5) lighting.  Using different calculation methods, three 

elements were estimated on a monthly basis, while active and standby energy values were 

estimated on a per-patient basis.  Therefore, if there is an increase in the number of service 

deliveries during a month, then the share of idle, ancillary, and lighting energy per patient will 

decrease, while the per-patient active and standby energy will remain the same . To explore the 

effect of change in the number of patients on the final results, the in-hospital energy use per 

patient has been plotted in Figure 4.3 for different levels of utilization (patients per normal eight 

hours of operation). 
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Figure 4.3: Dependency of patient-based process energy consumption on room utilization 
 
This plot depicts the high impact of idle, ancillary, and lighting sources on energy 

consumption, because the increase in patient-dependent energy consumption cannot offset the 

reduction caused by the share of these sources per patient. Therefore, the energy consumption 

per patient is reduced drastically by increasing the utilization of the x-ray room.  The patient-

dependent utilization plot shown in Figure 4.3 makes the results adjustable for further use by 

other healthcare facilities utilization studies. 

4.3.2 Outside-the-Hospital Energy Consumption from X-Ray Services 

4.3.2.1 Electricity Generation and Transmission Energy Loss 

As previously described, the natural resource energy minus the actual in-hospital 

electrical energy provides the outside-the-hospital energy for delivery of x-ray diagnostic 

service. Thus, the outside-the-hospital energy is 2.44 times of the in-hospital process electrical 

energy, as shown in Table 4.8. 
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TABLE 4.8 
 

COMPARISON OF DIFFERENT SOURCES OF ENERGY CONSUMPTION AT HOSPITAL 1 
 

 Per Exposure (Image) Per Prescribed Anatomy Per Patient Per Month 

GE Philips GE Philips GE Philips GE Philips 
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Active Energy 0.00332 - 0.00157 - 0.0125 - 0.0063  - 0.0147 - 0.0072 - 9.5 - 3.7 - 

Standby Energy 0.057 - 0.031 -  0.215  -  0.123  - 0.251 - 0.141 - 167.2 - 74.2 - 

Idle Energy 0.425 - 0.230 -  1.601  -  0.916  - 1.876 - 1.053 - 1,249.4 - 553.8 - 

Ancillary Devices Energy 0.156 - 0.126 -  0.588  -  0.502  - 0.688 - 0.577 - 458.1 - 303.3 - 

Lighting Energy 0.093 - 0.103 -  0.350  -  0.410  - 0.409 - 0.473 - 272.3 - 248.9 - 

Total In-Hospital Electrical Use  0.734 - 0.492 -  2.766  -  1.960  - 3.238 - 2.252 - 2156.5 - 1,183.9 - 

Electricity Generation Transmission 
Loss 

- 1.792 - 1.199 - 6.752 - 4.776 - 7.901 - 5.492 - 5261.9 - 2888.7 

Disposable Materials Energy - 0.027 - 0.033 - 0.102 - 0.131 - 0.118 - 0.151 - 78.6 - 79.4 

Reusable Textile Energy - 0.285 - 0.315 - 1.074 - 1.255 - 1.258 - 1.442 - 837.8 - 758.5 

Total Outside-the-Hospital Energy  - 2.104 - 1.547 - 7.928 - 6.162 - 9.277 - 7.085 - 6178.3 - 3726.6 

Total Energy (nre-kWh) 2.838 2.039 10.693 8.121 12.516 9.336 8,334.8 4,910.5 
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4.3.2.2 Reusable Textiles and Disposable Consumables 

The natural resource energy of consumables has been described as the energy to 

manufacture a given product (from earth/resource extraction through manufacturing), known as 

the cradle-to-gate life cycle energy.  Reusable medical textiles and disposable medical 

consumables are the sources of indirect or downstream energy consumption in the delivery of x-

rays at a hospital. The list of products consumed per patient for service delivery at the hospital is 

reported in Table 4.9.  Based on recorded data, each patient uses approximately 15.45 and 19.53 

grams of disposable medical materials at the GE and Philips rooms, respectively.  Consumable 

use rates were either recorded over the observed time or estimated based on interviews with 

technicians. In Tables 4.10 and 4.11, these products are expressed as chemical or material 

compositions based on information published by the manufacturer or found on the Internet, 

generally from material safety data sheets.  From the materials compositions, the values of these 

CTG natural resource energies, i.e., energy consumed for producing the materials, were obtained 

from the LCI database [8].  For solid consumables, the after-use energy consumption, which is 

related to disposal, was excluded in this study because most consumables are inert plastics and 

only create a small amount of energy in landfill operations. In hospitals, the solid medical waste 

regulated by EPA should be disposed of by either hazardous waste incineration or steam 

autoclave sterilization and a sanitary landfill [9].  For liquid wastes, wastewater treatment is 

likewise not included because of a lack of organic content data.  Using the consumption rates and 

CTG energy obtained from the LCI [8], consumable energy consumption per patient is reported 

in Table 4.8.   
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TABLE 4.9 
 

RATE OF UTILIZATION OF MEDICAL TEXTILES AND RATE OF CONSUMPTION OF 
DISPOSABLE MATERIALS DURING DELIVERY OF X-RAY SERVICE IN HOSPITAL 

 

Type Consumables Source of Data 
Unit 

Weight 
(grams) 

 Observed Count 
Count 

per 
Patient 

Consumption 
Weight 

per Patient  
(grams)  

Reusable Textile Gown Observed 250 GE and 
153 Philips Patients 

225 
 

GE 72 Gowns 0.288 64.800 

Philips 23 Gowns 0.150 33.750 
Reusable Textile Fitted Sheet Observed 250 GE and 

153 Philips Patients 
460 

 
GE 49 Sheets 0.196 90.160 

Philips 45 Sheets 0.294 135.240 
Reusable Textile Pillow Cover Observed 250 GE and 

153 Philips Patients 
81 

 
GE 92 Pillow Covers 0.368 29.808 

Philips 81 Pillow Covers 0.529 42.849 

Total for Reusables (grams) 
Ge 184.768 

Philips 211.839 
Disposable Pair of Gloves Observed 250 GE and 

153 Philips Patients 
11 

 
GE 52 Pair of Gloves 0.208 2.288 

Philips 19 Pair of Gloves 0.124 1.364 
Disposable Shorts Observed 250 GE and 

153 Philips Patients 
27 

 
GE 15 Shorts 0.060 1.620 

Philips 23 Shorts 0.150 4.050 
Disposable Isolation Plastic 

Gown 
Observed 250 GE and 
153 Philips Patients 

47 
 

GE 6 Plastic Gowns 0.024 1.128 

Philips 2 Plastic Gowns 0.013 0.611 
Disposable Floor Neutral 

Cleaner  
Janitorial Interview 

- 
GE 380 Grams/Month - 0.571 

Philips 465 Grams/Month - 0.884 
Disposable Floor Disinfectant 

Concentrate 
Janitorial Interview 

- 
GE 380 Grams/Month - 0.571 

Philips 465 Grams/Month - 0.884 
Disposable Bed Cleaning and 

Disinfectant 
Solution 

Technician Interview 
- 

GE 2041 Grams/Month - 3.065 

Philips 2041 Grams/Month - 3.880 
Disposable Bed Disinfectant 

Container 
Technician Interview 84 

 
GE 2 Packs Per Month - 0.252 

Philips 2 Packs Per Month - 0.319 
Disposable Wiping Cloth Technician Interview 5 

 
GE 640 Cloths/Month - 5.003 

Philips 640 Cloths/Month - 6.335 
Disposable Wiping Cloth 

Container 
Technician Interview 158 

 
GE 4 Packs PDI/Month - 0.949 

Philips 4 Pacsk PDI/Month - 1.202 

Total for Disposables (grams)  
GE 15.447 

Philips 19.529 
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TABLE 4.10 
 

DISPOSABLE PRODUCTS CONSUMED DURING DELIVERY OF X-RAY SERVICE 
 

Disposable 
Products 

 
Reference Major Materials Materials 

GE Room  
Rate of  

Material 
Consumption 

(grams/patient) 

Philips Room 
Rate of  

Material 
Consumption 

(grams/patient) 
Pair of Gloves 

[11] 
Nitrile Rubber 
Copolymer  

Butadiene (assumed 50%) 1.144 0.682 

Acrylonitrile (assumed 50%) 1.144 0.682 

Shorts [12] Polypropylene(SMS) Polypropylene Spunbond-Meltblown-Spunbond 
(SMS) 1.620 4.050 

Isolation Gown  [12] Polypropylene(SMS) Polypropylene Spunbond-Meltblown-Spunbond 
(SMS) 1.128 0.611 

Floor Neutral 
Cleaner  

[13] 

Water (82%) Water (82%) 0.468 0.725 

Solute (18%) Sodium Xylene Sulfonate (13%)  0.074 * 0.115 * 

Alcohol Ethoxylate (5%) 0.029 * 0.044 * 
Floor Disinfectant 
Concentrate 

[14] 

Water (73%) Water (73%) 0.417 0.645 

Solute (27%) n-Alkyl Dimethyl Benzyl Ammonium Chloride 
(8.2%) 0.047 * 0.072 * 

Didecyl Dimethyl Ammonium Chloride (8.7%) 0.050 * 0.077 * 

Ethyl Alcohol (5%) 0.029 * 0.044 * 

Lauryl Dimethyl Amine Oxide (5%) 0.029 * 0.044 * 

Bed Cleaning  
and 
Disinfectant 
Solution [15] 

Water (78%) Water (78%) 2.391 3.026 
Solute (22%) Phenylphenol (9.1%) 0.279 0.353 

Tertiary Amyl Phenol (7.7%) 0.236 0.299 

Potassium Hydroxide (5%) 0.153 * 0.194 * 

Package PVC 0.252 0.319 

Wiping Cloths 

[16] 

Disposable Wash 
Cloths 

Isopropyl Alcohol (55%) 2.752 3.484 

Airlaid Cellulose (45%) 2.251 2.851 
Package PVC 0.949 1.202 

*Materials with masses less than 0.154 grams per patient for GE room and 0.195 grams per patient for Philips room were excluded 
from the life cycle analysis (1 wt% cut-off rule). 



 

72 

TABLE 4.11 
 

MATRIX OF PRODUCTS, MATERIALS, AND CTG LIFE CYCLE ENERGY PER PATIENT 
 

Products-Materials Matrix 
(grams per-patient)  
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Pair of Gloves           1.144 0.682 1.144 0.682     2.288 1.364 

Shorts   1.620 4.050               1.620 4.050 

Isolation Gown    1.128 0.611               1.128 0.611 

Floor Neutral Cleaner     0.468 0.725             0.468 0.725 
Floor Disinfectant 
Concentrate     0.417 0.645             0.417 0.645 

Bed Cleaning and 
Disinfectant Solution     2.391 3.026   0.252 0.319     0.279 0.353 0.236 0.299 3.158 3.997 

Wiping Cloths 2.752 3.484     2.251 2.851 0.949 1.202         5.952 7.537 
Ingredients Rate of 
Consumption (grams/patient) 2.752 3.484 2.748 4.661 3.276 4.396 2.251 2.851 1.201 1.521 1.144 0.682 1.144 0.682 0.279 0.353 0.236 0.299 15.031 

  grams 
18.929 

  grams 
CTG Life Cycle Energy  
(MJ/patient) 0.172 0.218 0.091 0.154 0.0008 0.0008 0.068 0.086 0.026 0.033 0.032 0.019 0.023 0.013 0.009 0.011 0.007 0.008 - - 

CTG Life Cycle Energy  
(kWh/patient) 0.048 0.061 0.025 0.043 0.000 0.000 0.019 0.024 0.007 0.009 0.009 0.005 0.006 0.004 0.002 0.003 0.002 0.002 

0.118 
nre-

KWH 

0.151 
nre- 

KWH 
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The medical textile rate of consumption was also recorded as 184.8 and 211.8 grams for 

GE and Philips rooms, respectively, as shown in Table 4.12.  The medical textile natural 

resource energy consumption, is associated with manufacturing, laundering, sterilizing, 

packaging, and transporting processes for patient gowns, fitted sheets, and pillow covers. For all 

three reusable textiles, the CTG energy information of 75 cycles of gown use is the basis of 

calculations. The LCI information shows that for 75 cycles of gown use, 24.5 MJ of nre for every 

kg is consumed [8]-[10]. Using previous values in Table 4.2, these per patient energies can be 

expressed per exposure and per anatomy. 

TABLE 4.12 
 

CRADLE-TO-GATE ENERGY UTILIZATION OF MEDICAL TEXTILES  
IN X-RAY ROOMS OF HOSPITAL 1 

 

 

Consumption Weight  
per Patient 

(grams) 

Cradle-to-Gate  
Energy per Patient 

(nre-kWh) 

GE Philips GE Philips 

Reusable Textile Gown 64.8 33.75 0.441 0.23 

Fitted Sheet 90.16 135.24 0.614 0.92 

Pillow Cover 29.808 42.849 0.203 0.292 

Total 184.768 211.839  1.258 1.442  

 
4.4 Discussion 

The obvious electrical requirement for obtaining an x-ray diagnostic image is the direct 

electrical energy (active energy) from inside the hospital during a short imaging period 

(seconds).  However, the full energy needs for a patient x-ray image expands beyond this active 

energy to a much larger in-hospital electrical energy consumption (standby, idle, ancillary 

devices, etc.).  Further, the x-ray service footprint goes substantially beyond the in-hospital 

electrical energy from a life cycle perspective to the use of fuel for generation and transmission 
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of electricity and manufacturing of all consumables for service delivery.  This larger life cycle 

footprint is outside the hospital and represents a direct impact on public health, including patients 

receiving the x-ray diagnosis (through emissions to air, water, and land). 

The total x-ray diagnostic imaging footprint is 9.33–12.52 kWh of natural resource 

energy per patient, as shown in Figure 4.4, but the apparent immediate energy to prepare the 

patient and acquire the images (active and standby energy) is only about 6% of this total. This 

large multiplier (16.7 fold higher = 1/0.06) to obtain the total energy is a previously 

undocumented environmental effect of the direct radiology order for x-ray images. The total in-

hospital electrical energy of an x-ray image is about 25% of the total energy footprint, while the 

generation/transmission of electricity from the grid contributes to 61% of nre loss and the other 

14% is for all energy to make the consumables. In addition, different x-ray scanners influence 

the results and could help guide the purchase of x-ray imaging equipment. 

 

Figure 4.4: Natural resource energy for different sources of consumption on a per-patient  
basis at 50% equipment utilization (in eight-hour day) and percent of total energy 
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The x-ray service natural resource energy values can also be directly converted to the 

carbon dioxide equivalent (CO2eq). Using 0.06 kg CO2eq per MJ nre [6], the carbon footprints 

are 0.61 kg CO2eq per image for GE and 0.44 kg CO2eq per image for Philips. Converting these 

values to a per-anatomy and per-patient basis will result in 2.03 kg CO2eq per anatomy and 2.35 

kg CO2eq per patient. Therefore, performing 189 million x-ray procedures (taken as one 

anatomy) in 2010 [4] emitted 382 million kg of CO2eq to the environment in the U.S.  This is 

the equivalent of an additional 75,000 automobiles per year for x-ray images alone. 
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CHAPTER 5 

 

CARBON FOOTPRINT OF HEALTHCARE PRACTICES FOR  

MAGNETIC RESONANCE IMAGING SERVICES 

 
 
5.1 Introduction 

The relationship of hospital practices to deliver quality patient care and the impact on the 

environment (public health) and the community are clearly evolving.  Diagnostic imaging is an 

important area of patient care that has successfully reduced radiation impacts; however, there is 

still an unseen public health impact due to the energy and consumables consumption profiles of 

imaging modalities.  In a complex healthcare facility, like a hospital, many of these emission 

sources are associated with patient-centered decisions.  Patient-centered decisions include the 

selection of studies for diagnosis, choice of medical procedures, consumption of pharmaceuticals 

or consumables, and use of machines and devices, etc.  In those instances, when patient 

outcomes are equivalent, healthcare providers can consider which alternative medical decisions 

have the lower carbon footprint [1-2]. Life cycle assessment was introduced as an approach to 

evaluate the emission profiles of  medical practices [3], because it can integrate both hospital 

energy (electricity, natural gas, etc.) and upstream energy used to manufacture consumables 

(disposables and reusables) into a detailed energy profile for each alternative medical treatment.  

Related to diagnostic services, computed tomography and x-ray diagnostic imaging modalities 

have been evaluated recently by life cycle methodology, but no life cycle assessment study for 

magnetic resonance imaging diagnostic services was found in the literature. Here, a detailed 

accounting of energy and materials used for MRI services is provided. 
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5.2 Materials and Methods 

The first and second stages of ISO standard principles were followed for the development 

of the LCI [4].  Data were collected during four days in January 2012 in the radiology 

department of an outpatient facility in Wichita, Kansas.  This facility utilizes a Siemens MRI 

scanner (MAGNETOM® Symphony 1.5T) for diagnostic purposes.  Study boundaries were the 

MRI room on a 12-hour basis during which, at various times, a patient enters and exits the room.  

Patient check-in and waiting room activities are not considered here. Data were collected on all 

activities within the boundaries identified. Data collection took the form of observations, time 

studies, real-time metered power consumption, review of imaging department scheduling 

records, and a review of technical manuals and literature.  Time studies were conducted to 

determine the duration spent setting up the MRI room and equipment, preparing a patient for 

delivery of the MRI service, post processing of the images, and MRI room cleanup. Table 5.1 

lists data collection categories and sources. 

TABLE 5.1 

DATA COLLECTION CATEGORIES AND METHODS 

 Data Collected Source of Energy Information Observations 
Power Siemens MRI Scanner Portable Power Cell Meter 4 days - 59 Patients 

Ancillary Devices  Equipment Information/Ratings - 

Lighting Equipment Information/Ratings - 

HVAC TRACE™ 700 Software - 
Materials Medical Textiles  Sample Amounts  59 Patients 

Medical Consumables Sample Amounts 59 Patients 

Cleaning products Sample Amounts  59 Patients 

 
The two functional units for this study are the monthly energy consumption of the MRI 

department and energy consumption for diagnosing one patient. Also, the documented rate of 

textile and disposable material consumption and conversion of these manufacturing steps to 

natural resource energy use are an addition from the LCI that provides a new avenue for 
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hospitals to obtain energy reduction credit through consumables reduction.  The energy for 

manufacturing all consumables with typically large, even global, supply chains is known as 

cradle-to-gate life cycle energy.  Moreover, LCA information in this study was separated based 

on stages at which GHG emissions occur. Thus, the in-hospital energy (process electrical 

energy), which is direct electricity cost and appears to be fully clean (comes from the wall, 

powers the MRI scanners and ancillary devices) were linked to outside-the-hospital carbon 

emissions sources as well. Outside-the-hospital environmental impacts are related to combustion 

emissions to air, chemicals to wastewater, and solid waste to land and are currently unquantified 

public health impacts from the MRI service. Thus, for every kWh of process energy, the natural 

resource energy is calculated by multiplying the electrical energy by a factor of 3.44 [5].  In this 

study, the HVAC energy was not considered a medical-based source of energy consumption 

because it is not under the control of the imaging department staff and is not central to the 

comparison of imaging alternatives. 

5.3 Results 

5.3.11 In-Hospital Sources of Energy Consumption from MRI Services 

5.3.1.1 Active, Standby and Idle Energy 

A major source of process energy consumption for delivering the imaging service is the 

MRI scanner, and Figure 5.1 shows the power signal and time line of a patient lumbar diagnostic 

MR imager without contrast.  In the power signature shown, the first two small spikes (from 

5:59:00 to 6:00:30) represent the required power for the MR localizers, while the larger spikes 

indicate the machine power consumption patterns of T2 Sagittal, T1 Sagittal, STIR Sagittal, T2 

Space Axial, and T2 Axial scan sequences without a contrast lumber imaging protocol. 
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Figure 5.1: Power signal for patient’s lumbar MRI (without contrast) with timeline of service 

The MRI scanner energy consumption (kWh) is calculated by multiplying the power 

(kW) by the time (h), and is categorized in three energy segments: (1) Idle: Energy used during 

the 24-hour cycle whenever there is no patient in the MRI room and estimated based on two sets 

of assumptions: (a) observed 72.5% utilization ratio during 12-hour shift of working day for the 

outpatient facility, while for the weekends and nights the system partially turns off, and (b) for a 

more typical hospital, 50% utilization ratio during one 8-hour shift while all equipment remains 

turned on during weekends and nights.  The second case has a much larger idle energy; (2) 

Standby: Energy used when the patient enters the room until s/he departs, hence the patient 

diagnostic time.  The average duration (patient in-to-patient-out) for a MRI service is 35.4 

minutes (0.59 hour).  The standby power was measured as 12.68 kW for a Siemens scanner and 

includes the constant required power to maintain the machine magnetic field, to cool down the 

magnet, and the computing console of the equipment.  Therefore, the average standby energy per 
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patient is the product of 12.68 kW and 0.59 hour, or 7.48 kWh; (3) Active: Energy consumed for 

the excitation process of nuclei within the body and creation of the images. The area under the 

power signal curve and above the standby power line is the incremental active power for the 

MRI. It is mainly associated with the gradient amplifier parts of the MRI machine and includes 

the required power of the radiofrequency (RF) sender, RF receiver, and heat exchanger during 

the high-performing gradients. The average active energy per patient is 4.10 kWh.  Figure 5.2 

depicts the average active energy and skew in data collected for different types of observed MRI 

exams.  It also shows the average and skew in duration data (hence the standby energy) of those 

59 imaging services. The substantially higher energy impact of the MRI with contrast is clearly 

shown. 

 

Figure 5.2: Box plots of active process energy and full patient duration of different MRI exams  
(W = with contrast and WO = without contrast) 

 
Table 5.2 summarizes the active energy for each of the observed exams. It also includes 

the duration of exams. The standby energy is the product of the exam duration and standby 

power (12.68 kW). 
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TABLE 5.2 
 

SUMMARY OF ACTIVE ENERGY AND STANDBY ENERGY PER EXAM TYPE 
 

Anatomy Exam Type 
Number of 
Observed 
Patients 

Average 
Exam Patient 

Duration 
(min) 

Average 
Active 
Energy 
(kWh) 

Average 
Standby 
Energy 
(kWh) 

Head Brain WO 1 25 2.322 5.283 

Brain W and WO 7 38 3.617 8.031 

Brain W and WO attn IACs 2 50 6.110 10.567 

Neck/Cervical Cervical WO 3 21 2.504 4.438 

Chest/Thoracic Thoracic WO 1 23 2.268 4.861 

Thoracic W and WO 1 45 4.166 9.510 

Abdomen/Lumbar Abdomen WO 1 39 2.063 8.242 

Lumbar WO 9 20 2.126 4.227 

Lumbar W and WO 8 48 6.097 10.144 

Pelvis Bony Pelvis W and WO 1 93 8.956 19.654 

Upper Extremities Shoulder WO 3 30 4.169 6.340 

Lower Extremities Knee 9 29 4.266 6.129 

Ankle 2 36 4.918 7.608 

Lower Long Bone 1 54 5.685 11.412 

Breast Dynamic Breast 10 40 4.271 8.453 

Weighted Average  59 35.4 4.099 7.481 

Note: W = with contrast and WO = without contrast 
 

Active and Standby Energy Calculations. In order to monitor the Siemens scanners 

energy consumption (January, 2012), a portable power meter was connected to the input wires of 

the machines. A portable power cell (PPC-3) measured the voltage and current use of equipment 

in order to calculate the power as an output in kW.  This power cell read the equipment power 

draw (kW) every 15 milliseconds (or 0.0000041667 hour), and therefore, a pattern, similar to 

what is shown in the Figure 5.1 power signature, was recorded for every patient.  Then, the 

amount of energy consumed was calculated by taking the area under the power-time curve. Here, 

Figure 5.3 is a detailed view of the active and standby energy calculation methods. 
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Figure 5.3: Schematic view of active and standby energy calculation methods 
 

The gray patterned area in Figure 5.3, standby power, was subtracted from all the 

collected power data-points in the first step of the active energy calculation. The measured 

standby power for the scanner was 12.68 kW.  Then, all power data-points recorded during the 

exam were multiplied by 0.0000041667 hour (15 milliseconds) to obtain the energy. The blue 

solid bars in Figure 5.3 represent those values; however, for a precise value in the schematic 

graph, the duration should be reduced to 15 milliseconds. The summation of these values during 

the exam duration will result in the active energy (kWh). 

Idle Energy Calculations. Idle energy is the energy consumed while the room is empty 

and waiting for the next patient, i.e., the scanner and all equipment are empty and idle.  The idle 

energy during the working shift is a function of the scanner utilization ratio and could not be 

estimated directly per patient.  In this study, first, the idle energy for the outpatient facility was 

calculated, and then the value per patient was estimated based on the observed utilization ratio of 

the room.  To use this per-patient value of idle energy in other facilities/hospitals, the 

calculations should be adjusted based on duration of the working shift, utilization of the room, 
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and use of the machine during nights and weekends.  In the second part of this section, the idle 

energy for 50% utilization ratio of the room during an eight-hour shift will be presented. 

Idle Energy of Siemens MRI Scanner at Study Setting.  Idle energy is the product of 

idle power and the no-patient time. Due to the nature of the outpatient facility, the scanner does 

not need to be in ready-to-use mode during nights and weekends; therefore, the technicians turn 

off the system partially, and the only module of the scanner that stays turned on is the magnet 

and cooling system. Based on recorded data by the power meter, as shown in Figure 5.4, the idle 

power of the Siemens scanner decreased from 12.68 to 8.08 kW after working hours. 

 
 

Figure 5.4: Reduction in required power of MRI machine after working hours 
 

The MRI service was performed in the outpatient facility during a 12-hour shift of 

working days.  During the observed 48 hours of operation, 59 exams were performed, with an 

average duration of 35.4 minutes (0.59 hour); therefore, 34.81 hours of room operation (72.5% 

utilization ratio) were recorded.  Considering an average of 21.5 working days (258 hours) per 

month with a utilization ratio of 72.5% and a patient treatment duration of 0.59 hour, the 

outpatient facility provided 317 MRI services per month (258 * 0.725/0.59 = 317 patients). 
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In calculating the Siemens MRI scanner’s idle energy, the energy consumed during 

27.5% of the working hours (71 hours per month) was added to the idle energy of the scanner 

during 472 hours of nights and weekends per month (730 total monthly hours minus 258 

monthly working hours).  Thus, the idle energy of 4,711 kWh per month and 14.86 kWh per 

patient were estimated for the outpatient facility. 

Idle Energy of MRI Room in Representative Hospital. For a representative hospital, 

the MRI room is assumed to operate eight hours per day, and for the other 16 hours of each 

working day and during weekends and holidays, the MRI machine remains turned on and ready 

to use for rare emergency imaging cases.  Assuming a 50% utilization ratio will result in 86 

hours of patient time per month, which is equivalent to performing 146 MRI services. Therefore, 

in a month having 730 total hours, the machine sits in the idle mode for 644 hours and consumes 

12.68 kW per hour, a total of 8,165 kWh per month or 56.02 kWh per patient. 

The significant difference in idle energy of an MRI machine, ancillary devices, and 

lighting in an outpatient facility versus an assumed hospital is derived from two factors: (1) for 

the hospital, it is assumed that the MRI scanner remains ready for emergency imaging during 

night hours and weekends (regardless of whether there is more than one MRI machine or how 

fast an MRI machine can be powered up), while technicians at the outpatient facility partially 

turn off the scanner, and only the machine magnetic field and the cooling system remain are 

turned on (reducing standby power to 8.08 kW); and (2) the number of working hours in the 

outpatient facility is 12 hours with a high utilization ratio of 72.5% due to planned scheduling 

and a high volume of customers; for the hospital, an eight-hour shift with 50% utilization was 

assumed in order to make the result comparable to other radiology LCA studies [6]-[7]. 
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5.3.1.2 Ancillary Devices and Lighting Fixtures Energy Calculations 

Devices that are ancillary to the MRI scanner include an injection system, and a computer 

station for communication between technicians and other departments/doctors and transferring 

images to doctors electronically.  The energy consumption of these devices is categorized in 

Table 5.3. Standby power is used for these pieces of equipment, and the power value for each 

entry in the table was taken from equipment ratings provided by the manufacturers. The imaging 

department is also equipped with lighting fixtures to illuminate 31.12 square meters of the area, 

and their energy consumption is also reported in Table 5.3.  Assumptions for both groups were 

similar to those for idle energy regarding the hours of use for the outpatient facility and a 

representative hospital. 

TABLE 5.3 
 

ENERGY CONSUMPTION OF ANCILLARY DEVICES AND LIGHTING 
 

 Equipment  
Required 

Power 
(kW) 

Outpatient 
Facility  

Monthly Use 
(hours) 

Monthly 
Energy 

Consumption 
(kWh) 

Hospital 
Monthly  Use 

(h) 

Monthly 
Energy 

Consumption 
(kWh) 

A
nc

ill
ar

y 
D

ev
ic

es
 MR Injection System (Spectris Solaris EP) 2.237 258  577  730  1633  

Computer (HP Compaq 8200 USDT) 0.180 258  46  730  131  

Monitor (ViewSonic Optiquest Q17) 0.035 258  9  730  26  

Monthly Energy Consumption 632 kWh 1790 kWh 

Per-Patient Energy Consumption 1.99 kWh 12.28 kWh 

L
ig

ht
in

g 
Fi

xt
ur

es
 

One 100 W Incandescent Lamps 0.100 258  26  730  73  

Three 60 W Incandescent Lamps 0.180 258  46  730  131  
Six 65 W Sylvania Lamps  0.390 258  101  730  285  

Monthly Energy Consumption 173 kWh 489 kWh 

Per-Patient Energy Consumption 0.55 kWh 3.36 kWh 

 
5.3.1.3 Heating, Ventilation, and Air Conditioning  

The estimation of HVAC energy consumption in a particular area of a building with 

central HVAC units that serve the entire building is a challenge. Essentially, the HVAC energy is 

determined by room size, which was generally not tailored for any specific scanner when the 
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building was designed years ago.  As such, the HVAC energy is generally not medical-based 

energy and thus not under the control of the radiology department staff.  However, the values are 

discussed here for transparency. HVAC energy consumption for the imaging department was 

estimated using the TRACE™ 700 software package.  The output of the simulation is the energy 

intensity of the building, which signifies the energy consumed by the HVAC per unit area of the 

building.  Using the energy intensity and room area, Table 5-4 shows that the monthly HVAC 

energy consumption was calculated to be 1601 kWh, equivalent to 5.05 kWh per patient. 

TABLE 5-4 

ENERGY CONSUMPTION OF HVAC  

Energy Estimation Factors MRI Department Values 

Room Area 335 ft2 

Energy Intensity per Month  4.78 kWh/ft2 

Monthly Energy Consumption  1601.3 kWh/month 

Number of Patients per Month 317 Patients 

Per-Patient Energy Consumption 5.051 kWh/patient 

 
5.3.1.4 Utilization Ratio Sensitivity Analysis 

Patient care energy consumption values include five segments of energy: active, standby, 

idle, ancillary, and lighting.  Using different calculation methods, three segments were estimated 

on a monthly basis, while active and standby energy values were estimated on a per-patient 

basis.  Therefore, if there is an increase in the number of service deliveries during a month, then 

the share of idle, ancillary, and lighting energy per patient will decrease, while the per-patient 

active energy and standby energy remain the same . Here, the in-hospital energy use per patient 

has been plotted in Figure 5.5 for different levels of utilization. The monthly number of patients 

associated with these utilization ratios in the outpatient facility and hospital is also shown in this 

plot. This utilization dependent plot makes the results adjustable for further use by other 

healthcare facilities utilization studies.  The other assumptions in this manuscript about the shift 



 

88 

duration and partially turning off the equipment remained the same for the outpatient facility and 

the hospital. 

 

Figure 5.5: Dependency of patient-based process energy consumption on room utilization  
for one MRI machine 

 
5.3.2 Outside-the-Hospital Energy Consumption from MRI Service 

Outside-the-hospital energy use leads to direct emissions to the environment and hence a 

public health impact on both patients and the community. Two sources of these upstream energy 

sources were considered in this section. 

5.3.2.1 Electricity Generation and Transmission Energy Loss 

As previously described, the natural resource energy minus the electrical energy for the 

actual process provides the electricity generation and transmission energy loss for delivery of 

MRI service. Thus, outside-the-hospital energy is 2.44 times that of in-hospital electrical 

consumption, as shown in Table 5.5. 
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TABLE 5.5 
 

COMPARISON OF DIFFERENT SOURCES OF ENERGY CONSUMPTION  
 
 Outpatient Facility  

(12-hour shift, 72.5% Utilization Ratio) 
Estimation for Hospital  

(8-hour shift, 50% Utilization Ratio) 

Per Patient Per Month  
(317 Patients) Per Patient Per Month  

(146 Patients) 

Process 
Energy 
(kWh) 

Cradle-to-
Gate 

Energy  
(nre-kWh) 

Process 
Energy 
(kWh) 

Cradle-to-
Gate 

Energy  
(nre-kWh) 

Process 
Energy 
(kWh) 

Cradle-to-
Gate 

Energy  
(nre-kWh) 

Process 
Energy 
(kWh) 

Cradle-to-
Gate 

Energy  
(nre-kWh) 

Active Energy 4.10 - 1,300 - 4.10 - 599 - 

Standby Energy 7.48 - 2,371 - 7.48 - 1,092 - 

Idle Energy 14.86 - 4,711 - 56.02  8,165 - 

Ancillary Devices Energy 1.99  - 632 - 12.28   1,793 - 

Lighting Energy 0.55  - 173 - 3.36  490 - 

Total In-Hospital Electrical Use  28.98 - 9,187 - 83.24 - 12,152  - 

Electric Power Generation and 
Transmission Losses    70.71 - 22,415 - 203.10 - 29,652 

Disposable Materials Energy   0.64   203   0.64   93 

Reusable Textile Energy   3.57   1,132   3.57   521 

Total Outside-the-Hospital Energy    74.92   23,750   207.31   30,267 

Total Energy (nre-kWh) 103.90 32,937 290.54 42,419 

 

5.3.2.2 Reusable Textiles and Disposable Consumables 

Disposable medical consumables, and laundered and sterilized medical textiles are the 

sources of indirect or downstream energy consumption in the delivery of MRI services. These 

sources can be quantified by using the CTG life cycle energy, which is the energy to 

manufacture a given product (earth/resource extraction from through product manufacturing).  

Based on the recorded data, each patient uses 126.6 grams of disposable medical materials.  By 

using the product consumption rates, the disposable constituent analysis, and product constituent 

CTG energy, obtained from LCI [8], the consumables energy consumption per patient are 

reported in Table 5.5.  The medical textile rate of consumption was also shown to be 525.1 
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grams per patient for the MRI room. The medical textile natural resource energy consumption, 

shown in Table 5.5, is associated with manufacturing, laundering, sterilizing, packaging, and 

transporting processes for patient gowns and shorts, fitted sheets, and pillow covers. The CTG 

energy information for 75-cycle gown uses is the basis of calculations for all four reusable 

textiles. The LCI information shows that for 75-cycle gown uses, 24.5 MJ of nre is utilized for 

every kg consumed [9]. 

Energy Consumption of Reusable Textiles. Patient gowns, shorts, fitted sheets, and 

pillow covers are medical textiles whose usage was recorded during observation of the MRI 

room. In this study, the natural resource energy for medical textiles, including the manufacturing 

of a product, laundering of reusable textiles, packaging, and transporting (hospital to laundry 

round trip) processes were considered [9].  Table 5.6 shows the recorded amounts CGT natural 

resource energy expended for reusable medical textiles. The nre consumption related to medical 

textiles is calculated as 3.574 nre-kWh per patient for the MRI room at the outpatient facility. 

TABLE 5.6 
 

CRADLE-TO-GATE ENERGY CONSUMPTION OF MEDICAL TEXTILES  
 

 
 

Energy Consumption of Disposable Materials. Consumable use rates were recorded 

over the observed time. The list of products consumed per patient for service delivery at the 

outpatient facility is shown in Table 5.7. These products are expressed as chemical or material 

composition based on the information published by manufacturer or found on the Internet, 

generally from the material safety data sheets. 

 

Unit Sheets Pillow Cases Shorts Gowns Total 

Reusable Medical Textiles  (grams/patient) 286.2                    109.9                    76.8                      52.2                       525.1  grams 

CTG Life Cycle Energy  (nre-MJ/patient) 7.01                      2.69                      1.88                      1.28                       12.865  nre-MJ 

CTG Life Cycle Energy  (nre-kWh/patient) 1.95                      0.75                      0.52                      0.36                       3.574  nre-kWh 
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TABLE 5.7 

RATE OF CONSUMPTION OF DISPOSABLE MATERIALS DURING MRI SERVICE 

 

From the compositions of materials, the values of these CTG natural resource energies, 

i.e., energy consumed for producing the materials, were obtained from the LCI database [8].  For 

solid consumables, the after-use energy consumption, which is related to disposal, was excluded 

in this study because most are inert plastics and only create a small amount of energy use in 

landfill operations. In hospitals, the solid medical waste regulated by the EPA should be disposed 

of by either hazardous waste incineration or steam autoclave sterilization and a sanitary landfill 

[10].  For liquid wastes, the wastewater treatment is likewise not included because of a lack of 

organic content data. 

5.4 Discussion 

Medical decisions for quality patient care represent a new dimension for hospital energy 

sustainability improvement. Energy improvement will come from selecting medical alternatives 

that still provide patient quality care but at a lower environmental burden, in addition to changes 

Cradle-to-Gate Energy  (nre-MJ per kg) 0.0008 7.6 33.5 62.6 30 5.6 * ** 27.9 19.7 33 21.6 9.75
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Saline  (grams/patient) 39.63  0.04     39.67          

Injector&Tube  (grams/patient) 21.97  21.97          

Super Sani Cloth  (grams/patient) 5.64     4.61     10.25          

Contrast Container  (grams/patient) 9.07     9.07             

Contrast (Magnivest)  (grams/patient) 5.17     3.29     0.01     8.47             

Syringe  (grams/patient) 7.81     7.81             

Gloves  (grams/patient) 3.32     3.32     6.64             

Saline Package  (grams/patient) 6.41     6.41             

Super Sani Container  (grams/patient) 5.48     5.48             

Injector Package  (grams/patient) 4.27     4.27             

Coban Roll  (grams/patient) 2.63     2.63             

Rubber Band  (grams/patient) 1.13     1.13     2.25             

Autoguard  (grams/patient) 1.22     1.22             

Conncector  (grams/patient) 0.46     0.46             

Total Constituents Consumption  (grams/patient) 44.81  0.04     29.78  5.64     4.61     9.07     3.29     0.01     4.45     4.45     12.36  5.48     2.63     126.60       

CTG Life Cycle Energy  (nre-MJ/patient) 4.E-05 3.E-04 0.998  0.353  0.138  0.051  -       -       0.124  0.088  0.408  0.118  0.026  

 2.303  

nre-MJ 

CTG Life Cycle Energy  (nre-kWh/patient) 1.E-05 8.E-05 0.277  0.098  0.038  0.014  -       -       0.034  0.024  0.113  0.033  0.007  

 0.640 

nre-kWh 

Products-Materials Matrix
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to the technology and operational procedures used in all areas of the service. In the case of MRI 

service, the required electrical energy for image creation (active energy) is a small portion of the 

in-hospital electricity consumption, while the full energy needs for the patient expand beyond 

this direct active energy to a much larger in-hospital energy consumption (standby, idle, ancillary 

devices, etc.). Further, the MRI service footprint then goes substantially beyond the in-hospital 

electrical energy consumption when accounting for the loss of energy in generation and 

transmission of electricity and also the manufacturing of needed consumables for service 

delivery.  This larger life cycle footprint is outside-the-hospital and represents a direct impact on 

the public health of the broader community, including those patients receiving the MRI diagnosis 

(through emissions to air, water, and land). 

The total MRI diagnostic imaging footprint is 104 kWh of natural resource energy per 

patient (outpatient facility), but the apparent immediate energy to prepare the patient and acquire 

the images (active and standby energy converted to nre) is only about 38% of this total, as shown 

in Figure 5.6.  The multiplier (2.6 fold higher = 1/0.38) to obtain the total energy is a previously 

undocumented environmental effect of the MRI prescription. The total in-hospital electrical 

energy of MRI is about 28% of the total energy footprint, while the generation/transmission of 

electricity from the grid contributes to 68% of nre loss and the other 4% is for all the energy 

needed to make the consumables.  The above estimates are related to the outpatient facility with 

a high utilization rate (72.5%) of the room; however, assuming 50% utilization, the share of 

direct energy required for obtaining the image (standby and active energy) will be reduced to 

14% of the total nre of the service on a per-patient basis. 
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Figure 5.6: Natural resource energy for different sources of consumption on a per-patient basis  
at outpatient facility and representative hospital (percent of total also shown) 

 
MRI service energy values (nre) can also be directly converted to the carbon dioxide 

equivalent (CO2eq). Using the 0.06 kg CO2eq per nre-MJ [5], the carbon footprint is 22.44 kg 

CO2eq per patient (interestingly, this is about one-quarter to one-third the weight of each 

patient). Therefore, performing 35 million MRI procedures annually in the U.S. [11] emitted 785 

million kg of CO2eq to the environment. This is equivalent to the CO2eq emissions of 160,000 

U.S automobiles per year [12]. 
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CHAPTER 6 

 

MEDICAL TREATMENTS CHOICES FOR HEALTHCARE ENVIRONMENTAL 

IMPACT REDUCTION: THE CASE OF DIAGNOSTIC IMAGING MODALITIES 

 

 
6.1 Introduction 

In the United States, 7% of the nation’s carbon emissions (6,103 million metric tons 

CO2eq) in 2007 [1] was released by the healthcare sector, while European Union (EU) hospitals 

contributed to 5% of the EU’s carbon footprint in 2011 [2], and in Australia, the healthcare 

facilities emits 7% of carbon emissions from all Australian buildings [3].  These large 

contributions lead to expectations for reducing the environmental impact of healthcare; therefore, 

many healthcare systems have begun sustainability awareness programs that include energy 

improvement and carbon emission reduction.  The Healthy Hospitals Initiative [4] and the 2020 

Health Care Climate Challenge are excellent examples of these awareness efforts [5].   Reducing 

the carbon footprint of the healthcare sector can be achieved by incorporating environmental 

information into hospitals’ patient-centered decision systems in order to strive for more 

environmentally friendly alternatives decisions with equivalent patient outcomes. Because the 

patient care team today is substantially limited by a lack of data regarding the relationship 

between their decisions and the cascading environmental shadow of energy and material use 

based on those decisions, the first priority is the necessary research to provide basic preliminary 

profiles of medical-based decisions and energy and materials use associated with each process in 

the healthcare service delivery.  Life cycle assessment is as an approach to evaluate the emission 

profiles of  medical practices, which can integrate both hospital energy (electricity, natural gas, 

etc.) as well as upstream energy used to manufacture consumables (disposables and reusables) 

into detailed energy profiles for each alternative medical treatment. 
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Diagnostic imaging is an important area of patient care that has an unseen public health 

impact due to the energy and consumables consumption profiles of imaging modalities. Based on 

a study published in the Journal of the American Medical Association [6], in a 15-year period, 

more than 90% of the imaging services in six large integrated health systems in the U.S. are 

performed by one of the following four practices: radiography (55.1%), ultrasound (19.1%), CT 

(12.5%), and MRI (5.1%).  In a series of studies [7-10], using LCA methodology, a detailed 

accounting of the material and energy consumption of these four services was evaluated. Here, 

the environmental impact of these four major diagnostic imaging services will be compared, and 

two goals will be pursued: (1) how quantifying the carbon footprint of medical alternatives can 

contribute to overall hospital sustainability initiatives, and (2) how radiology departments can 

incorporate the transparent life cycle information of imaging services into quantitative results 

that can also report via departmental quality improvement initiatives. 

6.2 Method 

Life cycle assessment is a tool for systematically evaluating the environmental aspects of 

a product or service system through all stages of its life cycle. The ISO 14040 series guideline 

has standardized the LCA into four stages: (1) establishment of goal and scope, (2) life cycle 

inventory analysis, (3) impact analysis, and 4) interpretation of findings [11].  The LCIs of 

imaging services were analyzed in four reference studies, emphasizing stages 3 and 4 of the ISO 

standard. By using LCI information, first, the environmental impacts of four modalities are 

compared, and then, in a scenario-based analysis, the estimated carbon footprint of a 

representative radiology department is assessed.  The boundaries of the compared imaging 

services are similar and include all activities performed between the time a patient enters and 

exits an imaging room.  All four studies cover the upstream energy including generation and 
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transmission loss of electricity and energy associated with disposable and reusable material 

consumption, while excluding the transportation and HVAC systems of the hospitals.  The 

functional unit for the comparison is the diagnostic imaging service for one patient. 

6.3 Results 

Two environmental impacts of prescribing images are the following: (1) direct in-hospital 

energy consumption, and (2) indirect outside-the-hospital sources of emission.  In order to create 

LCI information for imaging services in the reference studies, all direct electrical energy values 

of the hospitals were converted to natural resource energy, in order to be comparable to cradle-

to-gate nre for the manufacturing and supply chains of the consumables.  The nre is calculated 

from the process energy by including first the higher heating value of fuel combusted per unit of 

energy transferred to the process (efficiency) and then the energy used to deliver fuel to the point 

of use (often known as pre-combustion or delivered energy) [12]. 

6.3.1 Comparison of Environmental Impacts of Four Modalities 

In this study, extracted results from the LCI studies are represented as megajoules of 

natural resource energy (nre-MJ) and carbon dioxide equivalent (CO2eq) emission.  The nre-MJ 

values for in-hospital electricity consumptions are the product of a factor 3.44 and 3.6 times the 

consumed kilowatt-hours (kWh) electricity.  The 3.6 factor converts kWh to MJ, and the 3.44 

factor adds in the energy used in the delivery of fuel to the power plant (pre-combustion factor) 

and the fuels (U.S. grid mix of fuels) consumed to generate the electricity and transmitting losses 

in the grid [12].  Moreover, the energy to manufacture disposables (or manufacture/maintain 

reusable textiles) was reported in terms of nre-MJ in the life cycle inventories.  These natural 

resource energy values can be converted to CO2eq by using 0.06 kg CO2eq per nre-MJ [12]. 
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Another factor is the equal annual operating hours for different modalities.  The 

utilization ratio of each room was assumed to be 50% during an eight-hour shift during 258 

working days per year.  The utilization ratio assumption is based on the literature review [13-14], 

and the working hours are based on the observed operations from referenced articles [7-8].  The 

hours of operation and utilization ratio are important variables that result in the estimated annual 

number of diagnosed patients. Using the estimated number of patients and the reported life cycle 

inventory of reference studies, Table 6.1 provides the estimated megajoules of natural resource 

energy consumption per patient. 

TABLE 6.1 
 

ASSUMPTIONS AND NATURAL RESOURCE ENERGY CONSUMPTION OF FOUR 
IMAGING PRACTICES 

 
 MRI CT scan 

(GE) 
CT Scan 
(Philips) 

X-Ray  
(GE) 

X-Ray 
(Philips) Ultrasound 

Patient Hours per Year 1032  1032  1032  1032  1032  1032  

Average Treatment Duration (min) 35.4  14.13  13.77  7.75  9.81  22.8  

Assumed Number of Patients 1,749  4,382  4,497  7,990  6,312  2,716  

 
nre-MJ per 

Patient 
nre-MJ per 

Patient 
nre-MJ per 

Patient 
nre-MJ per 

Patient 
nre-MJ per 

Patient 
nre-MJ per 

Patient 

Idle Mode 864.7 194.64 109.04  33.82   22.98   9.61  

Scanner Energy 693.8 132.58 64.69  23.24   13.04   7.33  

Ancillary Devices Energy 134.2 47.99 36.18  7.52   6.30  - 

Lighting Energy 36.7 14.07 8.17  3.07   3.64   2.28  

Standby Mode 115.5 25.97 14.57  6.11   4.81   9.61  

Scanner Energy 92.6 17.68 8.64  3.11   1.75   7.33  

Ancillary Devices Energy 17.9 6.41 4.83  1.00   0.84  - 

Lighting Energy 4.9 1.88 1.09  2.00   2.22   2.28  

Active Mode 50.8 7.91 4.05  0.18   0.09   6.63  

Active Energy 50.8 4.28 2.82  0.18   0.09   6.63  

Partial Energy - 3.63 1.23 - - - 

Embodied Energy 15.2 34.35 42.04  4.95   5.73   4.95  

Disposable 2.3 6.08 9.86  0.42   0.54   0.42  

Reusable 12.9 28.27 32.17  4.53   5.19   4.53  

TOTAL (nre-MJ per Patient)  1,046.1   262.9   169.7   45.07   33.61  30.80  
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The first outcome of this comparison is the relatively high magnitude of difference 

among the energy consumption of the four modalities.  This spectrum (30 to 1,046 nre-MJ) has 

MR imaging at one end, which uses approximately 34 times more energy than sonography 

service, at the other end of the spectrum,.  Second, the variation in energy consumption for 

different CT and radiographic imagers should be noted, because choosing one scanner over the 

other for service delivery has the potential of 34% to 55% lower environmental impact.  

Moreover, a closer look at the sources of the emissions provides more insight to the potential 

strategies for a reduction in the services’ carbon footprint.  In Table 6.1, the sources of emissions 

are categorized in four segments: (a) scanner energy consumption specifically related to the 

creation of images (active mode); (b) embodied energy of materials (disposable and reusable) 

needed for the delivery of the service; (c) standby energy used by the scanners, and also by 

ancillary devices and lighting fixtures when the patient enters the room until they depart (standby 

mode); and (d) energy consumption of scanners, ancillary devices, and lighting fixtures energy 

during the 24-hour cycle when no patient is occupying a room (idle mode).  The reason for this 

specific segmentation is the relation of segments to patient quality care.  The active mode is the 

obviously needed energy of the imager for delivery of the service, including energy needed for 

exciting the body’s nuclei to create the MR images, energy for generating radiography x-ray 

beams, energy operating the x-ray tubes and detectors of the gantry part of the CT scanner that 

rotates around the patient, and generation of sound waves to produce sonography images.  In 

addition to the active mode, the standby segment is the inevitable needed energy during the 

patient diagnosis, and the embodied material segment is related to the injected contrast as well as 

room environment for delivery of the service.  On the other hand, the idle mode is part of the life 

cycle energy that has the least relation to quality patient care.  Figure 6.1 illustrates the share of 
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each of these segments in the total carbon footprint of the service, and ironically, idle mode is the 

dominant source of emissions for the delivery of diagnostic imaging, while the average 

contribution of the segments related to patient quality care is in the range of 30% of the total 

footprint.  Results presented in Tables 6.1 and Figure 6.1 can be used to quantify and prioritize 

future actions and strategies toward “greening” medical imaging services.  Actions and strategies 

involve better scheduling of patients to increase the utilization ratio of the modalities (and 

therefore reduction in idle time), better decisions in the procurement of imaging scanners and 

ancillary devices, behavioral initiatives to turn off devices during night shifts, reduction in 

prescribed advanced medical imaging such as MRIs and CT scans, shifts toward less carbon-

polluting modalities, and the effectiveness of green consumable material initiatives and the 

replacement of disposable products with reusable alternatives. 

 

Figure 6.1: Carbon footprint of four imaging practices and each segment’s share 
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6.3.2.2 Scenario-Based Analysis for Representative Imaging Department 

In order to better discuss the implication of these findings, the results shown in Table 6.1 

were translated to the overall carbon footprint of a representative hospital’s radiology 

department.  It was assumed that the representative hospital utilizes two MRI machines, two CT 

scanners, four radiography/x-ray scanners, and four ultrasound systems, in order to annually 

serve the following: 3,498 MRI services (7% of total patients), 8,879 CT scan services (17% of 

total patients), 28,604 radiography/x-ray services (55.2% of total patients), and 10,864 

sonography services (21% of total patients).  The number of imaging devices was chosen in 

order to keep the proportion of each service similar to the aforementioned JAMA study [6], 

considering the treatment durations taken from referenced articles [7-10] and the modality 50% 

utilization ratio.  Table 6.2 provides the overall carbon footprint of this radiology department for 

baseline assumptions, as well as scenario 1, with a higher utilization of scanners, and scenario 2, 

with a reduced number of prescribed imagings. 

TABLE 6.2 
 

SCENARIO-BASED ANALYSIS OF POTENTIAL CARBON FOOTPRINT REDUCTION  
FOR REPRESENTATIVE HOSPITAL 
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MR Imager (1st) 1,749          50% (8 hr) 62.8 3,498          80% (10-hr) 33.4             2,678          61% (10-hr) 42.4             

MR Imager (2nd) 1,749          50% (8 hr) 62.8 -               -                 -               -               -                 -               

CT-Scanner (1st,GE) 4,382          50% (8 hr) 15.8 8,879          81% (10-hr) 9.1               6,472          59% (10-hr) 11.4             

CT-Scanner (2nd,Philips) 4,497          50% (8 hr) 10.2 -               -                 -               -               -                 -               

X-ray Scanner (1st,GE) 7,990          50% (8 hr) 2.7 15,980        80% (10-hr) 1.7               15,980        80% (10-hr) 1.7               

X-ray Scanner (2nd,GE) 7,990          50% (8 hr) 2.7 -               -                 -               -               -                 -               

X-ray Scanner (3rd,Philips) 6,312          50% (8 hr) 2.0 12,624        80% (10-hr) 1.4               12,624        80% (10-hr) 1.4               

X-ray Scanner (4th,Philips) 6,312          50% (8 hr) 2.0 -               -                 -               -               -                 -               

Ultrasound Scanner (1st) 2,716          50% (8 hr) 1.8               5,432          80% (10-hr) 1.5               5,432          80% (10-hr) 1.5               

Ultrasound Scanner (2nd) 2,716          50% (8 hr) 1.8               5,432          80% (10-hr) 1.5               5,432          80% (10-hr) 1.5               

Ultrasound Scanner (3rd) 2,716          50% (8 hr) 1.8               -               -                 -               -                 

Ultrasound Scanner (4th) 2,716          50% (8 hr) 1.8               -               -                 -               -                 

       423,190        257,473        247,550 

 113,440 kg

(45.8%) 

 74,040 kg

(29.9%) 

 43,696 kg

(17.7%) 

 15,536 kg

(6.6%) 

 219,546 kg

(51.9%) 

 114,902 kg

(27.2%) 

 68,666 kg

(16.2%) 

 20,076 kg

(4.7%) 

 116,693 kg

(45.3%) 

 80,710 kg

(31.3%) 

 43,696 kg

(17.0%) 

 16,373 kg

(6.4%) 
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Scenario 1: Higher Utilization of Scanners. Based on a 2013 report of the Organization 

for Economic Cooperation and Development (OECD), there are 35.5 MRI units and 43.5 CT 

scanners per million people in the U.S. [15].  In comparison, this rate for countries such as 

Germany, Netherlands, Canada, France, and United Kingdom is below 15 MRI units and 20 CT 

scanners per million people.  While the high number of advanced imaging modalities in the U.S. 

has created ease of access for the patient, it has also reduced the utilization and productivity of 

imaging equipment.  Based on two studies [13, 14], the average rate of utilization of the 

advanced imaging modalities is about 50% in the U.S.  Based on these results, in 2009, the 

Centers for Medicare and Medicaid Services (CMS) proposed a 90% service utilization criteria 

for the replacement of imaging devices costing more than $1 million [13].  While the CMS target 

seems to be a little high, the findings of Hofman on utilization of Isala hospital imaging 

modalities in the Netherlands [16], with 83% utilization of CT scanners and 85% utilization of 

MRI units, shows that the productivity of services can get close to the CMS target.  Here, as in 

the first scenario, the utilization of imaging modalities are assumed to be 80% for a ten-hour 

shift, 258 working days throughout the year; therefore, the annual operating hours of modalities 

have increased to 2,064 hours.  Based on this assumption, one MRI unit, one CT scanner, two x-

ray machines, and two sonography units can satisfy the hospital’s demand of patient diagnostic 

imaging, assuming the rest of the equipment is turned off.  The provided nre-MJ energy of 

standby mode, active mode, and material embodied energy will remain the same in the new 

assessment, while the idle mode proportion of the carbon footprint will be drastically reduced 

due to the lower idle time and higher number of patients per unit.  The second column in Table 

6.2, shows that a 39.2% reduction in the overall carbon footprint of the radiology department can 

be achieved, mostly by turning off devices that are not needed. 
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Scenario 2: Reduction in Prescribed Imaging Examinations. In recent years, 

discussion about the appropriateness of imaging examination has gained more attention, and 

policymakers, health planners, radiologists, and hospitals have tried to improve the rate of 

appropriate prescription of imaging studies, particularly CT and MRI examinations [17].  One of 

these efforts is the development of the Appropriateness Criteria® [18] by the American College 

of Radiology; however, some studies suggest that the criteria have not been implanted fully by 

physicians.  In 2006, Hadley et al. assessed prescribed CT scans for 169 trauma patients and 

concluded that 44% of those scans would not have been performed, if the ACR Appropriateness 

Criteria® had been applied [19].  In another study, Lehnert et al. reviewed medical records from 

459 outpatient CT and MR examinations from primary care physicians and concluded  that 118 

(26%) were not prescribed appropriately [20].  On the other hand, there have been reports of 

successful incorporation of the ACR Appropriateness Criteria® into physicians’ decision- 

making processes by implementation of computerized ordering systems for imaging 

prescriptions at the Massachusetts General Hospital [20] and the Virginia Mason Medical Center 

in Seattle [21].  These efforts and the achieved reduction in prescribed imaging examinations can 

be translated to a reduction in the imaging service carbon footprint using the provided life cycle 

inventory of imaging.  In Table 6.2, the findings of Lehnert et al.—27.1% inappropriate CT 

scans and 23.4% inappropriate MRI examinations—were incorporated into the utilization ratio of 

the MR imager and CT scanner of the representative hospital, and then the reduction in the 

carbon footprint was calculated as 9,923 kg CO2eq, or a reduction of 2.3% of the total carbon 

footprint of the department. 
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6.4 Discussion 

In this chapter, the sources of carbon emission and the share of each through-the-life 

cycle of four alternative diagnostic imaging services were reported, and the comparison of four 

modalities shows the higher environmental impact of more advanced technologies such as MR 

imagers and CT scanners.  Combining these results with the past decade’s rapid rise in the 

number of MRI and CT scan examinations (13% and 10% annually, respectively) [6] justifies 

shifting diagnostic imaging toward low carbon footprint modalities.  Based on studies in the 

literature [22-23], and also the ACR evidence-based guidelines for 211 clinical conditions [18], 

there are many instances of alternative imaging pathways with equivalent patient outcomes; 

therefore, the LCI information can be used by health care specialists to quantify the 

environmental impact of such changes in patient care decisions.  Even assuming fixed choices of 

imaging modalities, there are effective administration and behavioral activities in hospitals that 

can drastically reduce the environmental impact of these services.  Additionally, the small 

contribution of material-embodied energy in the total environmental impact of these services 

should be mentioned.  While there are many researchers who emphasize the importance of 

choosing between reusable and disposable consumables and green product procurement [24-27], 

the share of embodied energy shows that the effects of these efforts in reducing the overall 

carbon footprint of the services are minimal.  One might argue the point that imaging services 

should not be considered a representative service for healthcare practices; however, the results 

for hemodialysis service [12], with 33% contribution of embodied energy, as well as 

laparoscopy, robotically assisted laparoscopy, and laparotomy surgical modalities, with an 

average of 36% for embodied energy [28], suggest more influence of direct in-hospital energy 

consumption reduction efforts toward low carbon emission healthcare practices. 
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This work is part of a larger body of research related to environmental impact of 

healthcare services, with the long-term goal of providing healthcare decision makers a model for 

the twelve patient care hospital service areas to reduce energy, environmental impact, and cost 

[29]. 
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CHAPTER 7 
 

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 
 
 

7.1 Summary of Contributions 

Medical decisions for quality patient care represent a new dimension for the improvement 

of hospital energy sustainability, which has gained more attention during the past decade. The 

challenge for utilizing life cycle methodology in the context of hospital medical decisions for 

improving hospital environmental sustainability is to educate and provide the health care 

community (physicians, nurses, and administrators) with information to allow them to seek 

improvements, particularly through carbon footprint reduction strategies.  To develop such 

strategies, one should first know the sources of carbon emissions, the share of each source in the 

total emissions for delivering a particular medical service, and the relation of the energy 

consumed by each source to patient outcomes.  In this study, alternative diagnostic imaging 

practices were evaluated, and life cycle information regarding the profile of energy and 

consumables was compared. The following points are the major research findings: 

 There is a significant difference between the emissions of the four modalities. The 

estimated carbon footprint of 1.8 kg CO2eq for the sonography service, 2.35 kg CO2eq 

(average) for radiography service, 13 kg CO2eq (average) for CT scan service, and 62.8 

kg CO2eq for MR imaging create a spectrum of emissions for these four practices, where 

one end of the spectrum emits 34 times more greenhouse gas than the other end of the 

spectrum.  These findings, combined with the current rise in the rate of advanced imaging 

prescriptions, will result in growth in the share of diagnostic imaging emissions in the 

total carbon footprint of the healthcare sector in the upcoming years. 



 

109 

 The comparison of two brands of CT and radiographic imagers depicts the importance of 

“green” purchasing for healthcare devices. With an estimated 34% to 55% less 

environmental impact of one brand of imaging equipment over the other, this study and 

future similar researches will create a new decision criteria for healthcare administrators, 

in order for them to contribute to a significant carbon reduction over the lifetime of the 

medical equipment. 

 Among the patient quality care sources of the carbon footprint, the material-embodied 

energy contributed to a range of 11% to 16% in total environmental impact of these 

services. This relatively small contribution questions the influence of many studies that 

have targeted the choices between reusable and disposable consumables and green 

product procurement.  Therefore, results of this research and further studies involving 

other practices have the ability to redirect the study focus of researchers from this small 

portion of the service carbon footprint to direct sources of in-hospital energy 

consumption that have more potential to reduce the total environmental impact of 

healthcare services. 

 Based on the analysis of the various sources of energy and material consumption, almost 

30% of the total services carbon footprint is associated with patient quality care sources. 

The remaining 70% is related to the time that no patient is in the room. This fact 

demonstrates a great opportunity to reduce the carbon footprint of the service without 

compromising the patient-care outcome. Strategies such as better scheduling of outpatient 

visits to increase the utilization ratio of the modalities and the technicians’ behavioral 

initiatives to turn off devices during non-working hours are examples of effective 

approaches to reduce the idle time energy consumption of the modalities. 
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 One of the major outcomes of this research is the provided information to prioritize the 

environmental impact reduction strategies in hospitals. The two scenarios discussed in 

Chapter 6 are good examples of such strategies—one emphasizing the reduction of 

imaging prescription appropriateness with an associated 2.3% carbon emissions reduction 

in a representative hospital, and the other focused on better scheduling and the reduction 

of idle time with a 39% reduction in the environmental impact. Obviously, the second 

strategy is not only easier to implement but also has significantly more impact on 

reducing the hospital carbon footprint. Employing the presented life cycle inventory 

information, future research can be conducted to quantify other similar scenarios, such as 

reusable-disposable material replacement, behavioral initiatives, green equipment 

purchasing, HVAC system improvement, and lighting controls.  The WSU research 

group is seeking interested radiology groups to examine potential changes that have 

lower energy use and improved hospital sustainability programs. 

The outcomes of this research can be developed using a basic framework in life cycle 

energy improvements of patient-centered decisions where one of the following apply: 

1. There are alternatives that can be used to achieve equivalent patient outcomes, or 

2. There are virtually no alternatives, and so the set of patient-centered care decisions is 

fixed. 

Both of these scenarios can achieve improvement in hospital energy and costs and in the public 

health of patients downstream, while managing a successful patient outcome.  With alternative 

pathways for equivalent patient outcomes (Case A), the focus is to understand which of the 

multiple choices has a lower environmental impact (result of life cycle research studies), while 

still achieving equivalent patient outcomes.  Then using an additional criterion of also improving 
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patients’ public health (downstream), the better alternative can be chosen.  When there is only 

one patient care choice (Case B) for achieving a successful patient outcome, then sustainability 

improvement can still be achieved by seeking to improve the technology or practices associated 

with the necessary alternative.  Therefore, all steps in performing healthcare services can 

contribute to a reduction in energy and consumables. 

Direct recommendations are avoided herein, as this approach has historically been 

difficult to gain acceptance by a largely radiology community.  Instead, the goal here has been to 

provide science-based methods to obtain information and results for the healthcare team.  The 

purpose here is to engage healthcare specialists to use their ingenuity and creativity to examine 

procedures, patient-based decisions, and other avenues to seek hospital sustainability 

improvements.  This engagement then leads to an engineering/medical team approach to seek 

changes that have a high likelihood of adoption and could form the basis of departmental quality 

improvement initiatives for radiologists as part of their maintenance of certification. This study 

has also created a methodology for comparative assessment of the entire energy of imaging 

modalities that might be used as third-party testing for hospitals or healthcare firms. 

7.2 Future Research Directions 

Based on the mentioned outcomes of this research, the following agenda for further 

studies is suggested in order to elaborate on the environmental impact reduction of diagnostic 

imaging, specifically, and other healthcare practices, in general: 

 The ACR Appropriateness Criteria® covered 211 clinical conditions and the alternative 

diagnostic imaging modalities for each of these conditions. While the radiation levels 

were discussed as one of the criteria for physicians’ decisions, results from the life cycle 

inventory can form another criterion. Suggested future research, which is associated with 
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the Appropriateness Criteria®, is to map alternative modalities with the same patient 

outcomes for each of the 211 clinical conditions and provide another criterion that 

quantifies the downstream impact of these decisions on public health. 

 Strategies to reduce the environmental impact of imaging services were briefly discussed 

in the previous chapters; however, more research regarding the implementation of such 

strategies in a healthcare setting, by utilizing the provided transparent life cycle inventory 

data, can form a set of research topics for interested scholars. 

 This study was limited by the number of imaging devices; therefore, different brands 

might result in different associated environmental impacts.  The analysis of other brands 

of equipment in various healthcare settings could create a more diversified LCI for 

diagnostic imaging practices. 

 At the hospital level, the long-term goal of this research is to provide healthcare nurses, 

physicians, and administrators with a model for the twelve mentioned patient care 

hospital service areas to reduce energy, environmental impact, and cost.  Results of the 

systematic literature review show the gap in each of those twelve categories. Therefore, 

similar studies to create energy and material consumption profiles for those gaps would 

map the sources of the carbon footprint for selected healthcare practices and advance the 

discussion of the environmental impact reduction of alternative treatments in the 

healthcare sector. 
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APPENDIX A 

 

ENERGY CONSUMPTION OF VA HOSPITAL CT SCANS 

 

 

A.1 Introduction 

In 2008, the United States healthcare spending was about $7,681 per resident and 

accounted for 16.2% of the nation’ s GDP in 2008, and by 2010, this amount rose to compromise 

about 18% of the nation’s GDP [1]. Based on a forecast by the Centers for Medicare and 

Medicaid Services, this rate will be 19.3% in 2019 [2].  As the percent of GDP spent on 

healthcare rises, there will be an associated rise in energy consumed by healthcare services. The 

DOE reported that healthcare buildings used 515 trillion Btu’s of total energy in 1999, which 

was 9% of the total energy consumed by all commercial buildings in the United States in the 

same year [3].  The energy intensity of healthcare buildings was well above the annual average 

intensity of 31 kWh/ft2, although healthcare accounted for only 4% of total commercial floor 

space [4]. In addition to energy, healthcare systems and services consume other renewable and 

non-renewable resources, output wastes, and release emissions, just as other sectors of the U.S. 

economy. 

Concerns about future energy market security, greenhouse gas emissions, and energy 

affordability have resulted in many initiatives within the U.S. during the past decade [5].  The 

Healthy Hospital Initiative, for example, is committed to improving sustainability across the 

healthcare sector via the reduction of natural resource usage and waste generation [6]. The EPA 

reports on regulated wastes and emissions, and provides guidance relative to services in the 

healthcare industry as an aggregate in a Compliance Sector Notebook [7]. The DOE initiated and 

invites healthcare organizations to join the Hospital Energy Alliance (HEA) for the purpose of 
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improving energy efficiency and reducing greenhouse gas emissions [8]. Energy Smart Hospitals 

(ESH) is another healthcare facility initiative supported by the DOE [9]. 

A good resource for gaining insight into the nation’s energy outlook on healthcare 

facilities, current and forecasted, is the Energy Information Administration (EIA) periodic survey 

of commercial buildings, or Commercial Building Energy Consumption Survey (CBECS) [10]. 

The High Performance Healthcare Buildings (2010) study at the Lawrence Berkeley National 

Laboratory (LBNL) reviewed and compared publicly available information and databases for 

direct energy consumption of hospitals in California [11].  This publication is a good source for 

purposes of benchmarking. The energy reports and studies such as those reported by EIA and 

DOE, while revealing, are often too broad in scope to be informative at a level of granularity in 

healthcare decision-making.  This paper provides a preliminary energy analysis of a healthcare 

service: the computed tomography diagnostic service. The direct energy consumption estimation 

of CT scan procedures is also important to the new effort by researchers in creating life-cycle 

information for individual healthcare services [12]. 

The CT scan, sometimes referred to as a computed axial tomography (CAT) scan, is a 

medical test that helps physicians diagnose and treat medical conditions using special x-ray 

equipment and sophisticated computers. The advantage of this method over regular still-image 

x-rays is its capability of providing images with greater clarity and more details.  The CT scan is 

one of the best and fastest tools for studying the chest, abdomen, and pelvis because it provides 

detailed, cross-sectional views of all types of tissues. In spite of CT benefits, there are risks 

involved in this treatment and diagnostic method, including a slight chance of cancer from 

excessive exposure to radiation and serious allergic reaction to injection contrast materials that 

contain iodine; however, the latter one is very rare [13]. The number of CT scans in the United 



 

116 

States increased drastically from three million in 1980 to about 70 million in 2007 [14], which 

means higher energy consumption. 

A.2 Methodology 

Research Setting: This study was conducted at the Robert J. Dole VA Medical Center. 

This general medical care and surgical hospital located in Wichita, Kansas, has been in operation 

since 1935. The total number of its full-time employee equivalents (FTEs) in fiscal year (FY) 

2008 was 823, including 44 FTE physicians and 259 nurses. The medical center has treated 

27,875 individuals and delivered service for 9,203 inpatient days in the hospital and 13,426 

inpatient days in its Community Living Center (CLC), resulting in an average daily census of 62 

patients. This facility also provided service to 515,296 outpatients in FY 2008 [15]. The hospital 

administration reports that these statistics have not deviated significantly for the study period. 

The CT diagnostic service is located and operated out of the VA hospital’s radiology 

department. Imaging employs 13 technicians, plus one head technician. The CT service area 

consists of one room for the main CT machine and ancillary equipment, one room for computers 

and observation, and a smaller meeting room for medical and imagining personnel.  The meeting 

room is rarely utilized and therefore was not included in this study.  The waiting room and 

registration areas, across the hall from the imaging area, were not considered in this analysis as 

well. Only one CT machine available in this VA facility delivers service to all in- and out-

patients.  Patients are scheduled for CT service on a regular basis from 7:00 am to 4:30 pm five 

days per week. The CT service is used for emergency purposes as well; therefore, the room and 

equipment remain in ready mode (all equipment and lighting on) 24 hours per day, 365 days per 

year.  Technicians are on call during off hours. The number of emergency patients after office 
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hours is negligible. The approximate room utilization over a 24-hour period is 28%. In other 

words, the CT machine and all other equipment in the room are waiting 72% of the time. 

Delivery of CT Service: Normally, two technicians are available in the main and control 

rooms to set up the CT scanner and prepare patients; however, depending on the type of scan 

(protocol), one or two nurses may be present as well. For certain CT protocols such as biopsy, 

liquid draining, or thoracentesis, a doctor is present to perform the procedure. CT scan images 

are transferred to doctors via the hospital’s computer network. The technician makes a number of 

adjustments to the CT machine’s computer settings before doing the actual scan, including but 

not limited to patient position orientation, protocol selection (type of CT scan), and defining the 

areas and body parts to be scanned. A protocol is defined as the process of establishing a set of 

scan acquisition parameters. Ideally, each CT scan protocol would be designed to meet just the 

image quality needed for the examination to be conducted on each patient, using the appropriate 

dose level [16]. For instance, Figure A.1 shows a series of exposures for an orthopedic scan with 

one diagnostic exposure and two scouts, or preliminary films taken of a body region before a 

definitive imaging study, which serve to establish a baseline and are used before angiography, 

CT, and MRI. 

 

Figure A.1: Sample power signal for orthopedic CT scan with timeline for delivery of service 
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In this study, eight protocols (abdomen, CTA, thorax, spine, head, orthopedic, neck, and 

pelvis) were included.  Special procedures (biopsy, liquid draining, and thoracentesis) that 

required CT scans were not considered, since they only account for 3.5% of the total number of 

CT services delivered at this VA site. 

The process for delivery of a CT scan begins with the technician escorting a patient into 

the main CT room. The patient may be wearing a hospital gown (disposable/or cloth) and/or 

using an assistive device. The technician positions the patient on the CT machine bed. In the case 

of a regular CT scan with injection contrast, the technician connects the intravenous catheter to 

the patient and changes the contrast and saline cartridges on the machine, then leaves the main 

room, enters the patient- and CT-related information, and pushes the plunger of the device to 

obtain the initial scout scan, which delivers much less radiation and consumes much less energy 

than the CT image itself. Depending on the doctor’s order, additional scans may be required. The 

technician changes the settings for any other required scans. When the scan is completed, the 

technician unhooks the catheter (if any) from the patient and the patient is escorted out of the 

room. After the patient leaves the room, one of the technicians disinfects the room with wipes 

and chemicals, and another technician prepares the CT machine for the next scan. Machine 

preparations include changing the cartridges and setting the scan parameters. 

This process is slightly different for biopsy, liquid draining, and thoracentesis procedures. 

After setting the machine parameters, preparing the patient for the procedure, and connecting the 

system for monitoring the patient’s vital signs, the technicians and doctor stay in the main room 

to conduct the procedure. Staying in the main room requires additional radiation and hygienic 

protection including lead gowns and plastic aprons since the healthcare team will be directly 

exposed to radiation and body fluids. These procedures normally take more time than a regular 
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CT scan and are used to locate a certain point on the patient’s body in order to perform a biopsy 

or insert a needle. Locating points on a patient’s organs is also possible with fluoroscopy; 

however, the CT scan is the preferred method, due to its accuracy. 

Boundary Conditions and Energy Data Collection. For this study, the boundary 

conditions for data collection were set at the point of the patient entering the main CT room 

where all of the main and ancillary equipment are located. The energy consumption of the CT 

machine was measured using a Loadcontrols© [17] portable power cell model PPC-3, which was 

hooked up to the main switch supplying energy to the CT machine and computers that construct 

the image to measure the power consumption.  The measured power data were recorded using an 

NI-USB 6009 [18] data acquisition (DAQ) card. The sampling rate of the power-meter was set to 

66.667 Hz, and the DAQ card was set to 200 Hz; the DAQ card records three samples for every 

one sample recorded by the power meter. 

Table A.1 lists the two rooms of the CT area under study (main and control rooms) and 

the energy consuming equipment in those rooms. The CT area has a dedicated air conditioner to 

remove heat generated by the CT machine and ancillary equipment. The main CT room is 

364 ft2, including the air-conditioning section, and the control room is 144 ft2.  Because the level 

of operation of other sources of energy consumption remains almost constant during the day, this 

energy was estimated based on other studies and manufacturer’s websites, i.e., the energy 

consumption of ENERGY STAR®-qualified models of computers has been published as a 

Desktop and Integrated Computer Product List document on the ENERGY STAR® website 

[19]. 
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TABLE A.1 
 

LIST OF ENERGY-CONSUMING EQUIPMENT IN CT AREA 
 

 Main CT Room Control Room 

Area (ft2) 364 144 

Machines/Equipment  Philips CT (64-slice)  AED (Automated 
External Defibrillator) – Crane No Other Equipment in this Area 

Lighting U-Bent Florescent (8 x 24-inch) Straight Florescent (4 x 24-inch) 

Computers No Computer in This Area Four Computers including CT Machine 
Main Computer 

Air Conditioning Floor-Mounted Air Conditioner and 
Ceiling Vent Ceiling Vent 

 
Observational Data. The CT area was observed for nine days. A large number of 

variables were collected; however, only the data necessary for energy consumption are reported 

here. During the observation period, 64 patients were seen. A review of hospital records showed 

the total number of patients who received CT in 2009 to be 4,113. Table A.2 provides the 

number of patients and protocols delivered for three months in 2009. This sample demonstrates 

the low variability in the number of CTs delivered by month in 2009. Some patients required 

more than one type of CT scan; therefore, the number of protocols was more than the number of 

patients seen. Given the number of patients and knowing the total protocols in a period of time, 

the number of protocols in 2009 was estimated. 

TABLE A.2 
 

NUMBER OF PATIENTS AND PROTOCOLS USED IN ESTIMATING  
MONTHLY ENERGY CONSUMPTION 

 
 January July August Total for 2009 

Patients 332 391 395 4,113 

Protocols 369 417 438 4,503 

 

http://en.wikipedia.org/wiki/Automated_external_defibrillator
http://en.wikipedia.org/wiki/Automated_external_defibrillator
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A.3  Analysis and Results 

To understand the power consumption characteristics of the CT scanner for a given 

protocol, the Loadcontrols© power cell was utilized. Figure A.1, shown previously, is an 

example of a power signal produced by a CT scan of an orthopedic protocol. Here, the power 

consumption for CT service delivery is characterized by three different modes: standby mode, 

where the room is idle or while the patient is getting ready for the CT; partial mode, where there 

may be bed movement and/or gantry rotation; and active mode, where the radiation is delivered. 

Several predefined protocols are available, depending on doctors’ orders. For this 

analysis, the protocols are combined into seven categories based on the body organ and type of 

tissue. Table A.3 shows a tabulation of the average measured energy associated with each 

category and machine state for the study period. It should be noted that the energy consumed is 

over the duration it takes to complete a given protocol. The average time to complete each 

protocol is also given in the table.  As shown, the thorax consumes on average the most energy 

and time. A bar chart of Table A.3 results is provided in Figure A.2. The bar chart indicates that 

for all protocols the state that consumes the majority of energy is standby, followed by the active 

state.  This is counter intuitive because the energy consumption of the active state is the state in 

which the radiation is being delivered. 
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TABLE A.3 
 

CT PROTOCOLS LISTED BY STATES OF ENERGY CONSUMED 
 

 
 

 

Figure A.2: Bar chart of average measured energy associated with each protocol showing that 
energy consumed for CT standby is greater than other modes over all protocols. 

 
The analyses performed above were limited to the energy consumption of the CT 

machine during delivery of the CT protocol. To account for the delivery of the CT service, the 

operation of the CT equipment and room 24/7, 365 days per year were taken into consideration. 

Protocols
Total Energy 

(kWh)

Standby 

Energy (kWh)

Partial 

Energy (kWh)

Active Energy 

(kWh)

Average Scan 

Time 

(hh:mm:ss)

Abdomen 8.86E-01 5.96E-01 6.58E-02 2.24E-01 0:11:45

Thorax 1.15E+00 9.07E-01 1.15E-01 1.26E-01 0:17:52

Spine 5.86E-01 3.97E-01 2.10E-02 1.68E-01 0:07:50

Head 5.37E-01 3.02E-01 1.20E-02 2.23E-01 0:05:57

Orthopedic 6.21E-01 4.81E-01 3.20E-02 1.08E-01 0:09:29

Neck 9.53E-01 7.71E-01 9.13E-02 9.08E-02 0:15:12

Pelvis 6.65E-01 4.85E-01 4.64E-02 1.33E-01 0:11:52
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The metric for this analysis is the average energy consumed per month (kWh/month). VA 

hospital records for 2009 together with energy information were used to estimate the energy 

consumed by the CT machine on a monthly basis. A summary of average energy consumed per 

month is provided in Table A.4 for different states of the CT machine described earlier. 

TABLE A.4 
 

ENERGY CONSUMED BY CT MACHINE PER MONTH IN DIFFERENT STATES OF 
ENERGY CONSUMPTION 

 
States of Energy Consumption kWh/month 

Standby Energy  155.28 

Active Energy  97.96 

Partial Energy  25.49 

Idle Energy (empty room) 2,065.71 

Total Energy  2,344.45 

 
Table A.4 also shows another state of the machine, which is related to the time when the 

room is empty and the CT machine is not in use.  Energy consumption of the machine during this 

time is referred to as “idle” energy. Energy consumption of lighting and cooling sources in the 

CT rooms was calculated based on the heat dissipation rate of the main CT machine and 

ancillary equipment in the room. This method was described in another paper from current 

ISSST conference proceedings [20]. Table A.5 provides the average monthly energy 

consumption for lighting, computers, and cooling. 

TABLE A.5 
 

OVERHEAD AND ENERGY CONSUMPTION OF ANCILLARY EQUIPMENT  
 

Ancillary Equipment kWh/month 

Lighting  280.32 

Computers   99.82 

Cooling  725.23 
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In order to understand the distribution of energy consumption in the delivery of CT 

services, the average monthly equipment and overhead kWh were plotted in Figure A.3. The 

greatest amount of energy consumed by the CT scanner is during the hours it sits idle. This is 

followed by the energy required for the cooling system, which runs continuously to remove heat 

generated by the CT machine and computers. The greatest opportunity for energy savings is the 

CT idle period. CT equipment cannot be turned on/off to save energy during non-use periods.  

However, this outcome does point to an area of improvement for CT equipment manufacturers. It 

also provides a guide for the purchase of new CT scanners with low idle energy. 

 

Figure A.3: Magnitude of CT scanner idle energy in comparison to other energy sources   
 
A.4  Conclusion 

Improvement in healthcare energy use should not be restricted to HVAC and lighting, 

since after design and installation, these sources are largely fixed. Emphasis to achieve energy 

improvements can be placed on the relation of energy to patient services, healthcare decision-

making, and evidence-based energy use. For the investigated CT imaging service, the importance 

of idle or standby energy leads to possible improvements. 
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Rresults presented in this paper are limited in several ways and are the subject of future 

work.  Such work will involve consumables, wastes and emissions, radiation, and other settings 

for delivery of CT services. 
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APPENDIX B 

 

ENERGY ESTIMATION OF HOSPITAL RADIOLOGY DEPARTMENT OVERHEAD  

 

 

B.1  Introduction 

In recent years, increasing interest in energy management can be found in every sector of 

the economy [1]. The Annual Energy Outlook report by the Energy Information Administration 

(2011) observes that the rate of energy consumption in the commercial sector has grown in 

recent years and is predicted to increase 27.7%  over the amount of energy consumed in 2011 by 

2035 (see Figure B.1) [2]. The effort to define, understand, and describe energy consumption in 

commercial buildings has gained more importance as the first step in energy management. As a 

sub-set of commercial buildings and the subject of this paper, healthcare facilities have received 

attention through a number of initiatives sponsored by the U.S. Department of Energy and 

hospital alliances. 

 

Figure B.1: Energy consumption by sector (2011 Annual Energy Outlook) 

Roth et al. (2002) reported that commercial building heating, ventilating and air 

conditioning systems consumed a total of 4.5 quadrillion BTUs (quads) of primary energy in 

1995, which represented the largest primary energy end-use in commercial buildings in the U.S. 

They also found that the energy consumption of commercial building HVAC systems was 
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relatively evenly distributed over heating, cooling, and parasitic end-uses. The total HVAC 

energy consumption was about 30% of the primary energy consumption in 1995. The next 

largest portion of the total energy consumption was in lighting, which represented 26% of the 

total primary energy consumption in 1995 [3]. In this paper, analysis is limited  to HVAC 

systems. 

Overhead energy consumption of HVAC and lighting are the greatest contributors to the 

total energy consumption in commercial buildings and may vary significantly depending on the 

nature of the business. In addition, the fluctuation of occupants during the day and internal 

installed systems in the building can also cause variation in energy consumption of HVAC 

systems [4].  The focus of this study is to estimate the energy consumption of hospital facilities 

overhead where buildings are open and operating 24 hours a day, 365 days a year. According to 

the 2011 Annual Energy Outlook 2011 report [2], healthcare facilities are ranked third, after 

malls and offices, in total energy consumed (Figure B.2). 

 

Figure B.2: Commercial sector energy consumed breakdown by business  
(2011 Annual Energy Outlook) 
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In this paper, three different methods are investigated and compared for estimating 

overhead energy consumption of CT and x-ray rooms in the radiology department of a hospital: a 

heuristic using annual energy consumption, thermal analysis, and simulation. The comparison of 

methods will provide information and guidance on the selection of a method with a given level 

of accuracy and ease of application. The estimation of overhead energy in healthcare is also 

important to the new effort by the authors in creating life cycle information for individual 

healthcare services [5]. 

The setting for this study was the Robert J. Dole Veteran’s Administration Hospital, a 

general medical care and surgical hospital, located in Wichita, Kansas. This facility, which has 

been in operation since 1935, has a floor space of 466,000 ft2. The total number of full-time 

employee equivalents in fiscal year 2008 was 823, including 44 FTE physicians and 259 nurses. 

The medical center treated 27,875 individuals and delivered service for 9,203 inpatient days in 

the hospital and 13,426 inpatient days in the Community Living Center, resulting in an average 

daily census of 62 patients. The facility also provided service to 515,296 outpatient visits in FY 

2008 [6]. Hospital administration reports that these hospital statistics have not deviated 

significantly for the time period studied. 

One of the most comprehensive reports on energy consumption of commercial building 

HVAC systems was published in three volumes by U.S. Department of Energy in 2001 [7]. This 

report provides an energy consumption estimation for heating and cooling systems based on 

information provided by two other published reports. The 1995 Commercial Building Energy 

Consumption Survey (CBECS95) and LBNL data on models for cooling and heating loads are 

the major references of the DOE report. In the first volume, chillers, refrigerant compressors, and 

heating systems are discussed, while in the second volume, thermal distribution, auxiliary 
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equipment, and ventilation systems are reported. The third volume focuses on an assessment of 

energy savings options, identification of barriers to implementation, and development of 

programmatic options. 

Crosbie (2009) addressed a European project, “IntUBE–Intelligent Use of Buildings’ 

Energy Information,” whose aim was defined as improving the energy consumption of new and 

existing buildings. This article introduces two approaches for building energy profiling: building 

energy simulations, and operational phase energy profiling [8]. Many studies have assessed 

energy consumption improvements beyond efficient heating and air conditioning in healthcare 

systems. These studies proposed several ways to reduce energy consumption in hospitals: 

combined heat and power (CHP) systems and hybrid plants [9] [10]; autonomous systems for 

electrical, heating, and cooling [11]; chillers and heating; HVAC systems [12]; and lighting 

systems [13]. 

B.2  Methods of Estimating Overhead Energy Intensity 

As previously described, the setting for this study is the VA hospital in Wichita, Kansas. 

Energy consumption information was obtained from several sources including the literature, 

power meter readings, observational data, and VA resources. Energy data was collected and 

analyzed to provide a metric heating and cooling energy intensity (kWh/ft2) on a per-month 

basis. 

Annual Energy Consumption (Bill-Averaging). A seemingly good and direct method 

for estimating energy intensity is to capture information from the VA’s monthly electric and gas 

bills averaged over several years. This information is then compared to cooling and heating 

degree days by month. To estimate the electricity/gas consumed, the following procedure was 

used: First, the hospital baseload electricity/gas consumption was estimated by averaging the 
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consumption over the time period where the number of cooling/heating days are at a minimum. 

Hospitals and other healthcare facilities require clean environments. This is partly achieved by 

having the HVAC system remove the humidity and control room pressure, which requires the 

heating and cooling system to run continuously. The baseload amount includes the part of 

HVAC energy consumption to achieve the environmental conditions in the hospital. 

To calculate the energy consumption of cooling and heating, using electricity and gas 

bills, the baseload was subtracted from the total for that month. It was assumed that the 

remaining electricity/gas consumption could be attributed to cooling/heating.  Figure B.3 shows 

the average energy consumed over a six-year period by the VA for cooling and cooling degree 

days by month [14]. Figure B.4 shows the same for heating. The plots also show months of zero 

cooling and heating consumed.  

   

Figure B.3: Average electricity consumption    Figure B.4: Average gas consumption and 
    and cooling degree days of VA hospital          heating degree days of VA hospital 
 

Using the data from Figures B.3 and B.4, estimates of heating and cooling energy 

intensity were plotted in Figure B.5 for years 2004 to 2009.  During this time, cooling intensity 

fluctuated from 0.26 to 0.49 kWh/ft2, and heating from 0.80 to 1.17 kWh/ft2. 
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Figure B.5: Average heating and cooling energy intensity 
of VA hospital from 2004 to 2009 

 
The heating and cooling energy intensities for the hospital in 2009 are as follows: 

Heating:  1.02 kWh/ft2 

Cooling:  0.33 kWh/ft2 

Thermal Analysis. The second approach to determine the HVAC intensity per square 

foot is a thermal analysis of each room. The idea behind this model is that HVAC intensity can 

be determined based on the thermal energy contained inside a volume and then the required 

energy to maintain the thermal energy at a desired level is calculated. This model requires 

knowledge about the thermal properties of the volume boundaries and proper identification of all 

heat sources inside the volume. 

The volume of interest in this case was the VA CT room.  This room has a dedicated air 

conditioning module that removes heat generated by the room’s heat sources and heat entering 

through the room boundaries in order to maintain a constant temperature. Sources of heat within 

the room include the equipment, light bulbs, and/or humans. No additional heating is supplied, 

and the air conditioner runs 24/7. In this analysis, heat conduction through walls was assumed to 

be negligible since the CT room is inside the hospital.  Convection through doors was also 
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assumed to be zero. The energy intensity from lighting was calculated based on the number of 

light bulbs and their power ratings. 

The calculations to estimate CT room energy intensity are shown here.  Again, there is no 

heating, only cooling because the CT machine is a heating source, which needs to be cooled 

down constantly, and in fact, this is the reason why the CT unit has an independent cooling 

system. The cooling energy intensity was calculated based on the amount of heat dissipated from 

the area. Total heat generation on a monthly basis is the sum of heat from all heat sources: 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝐶𝑇 + 𝐸𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 + 𝐸𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑟 + 𝐸ℎ𝑢𝑚𝑎𝑛 

In calculating the heat generated from the CT machine, it was assumed that 99% of the 

input power to the machine is transformed to heat: 

𝐸𝑡𝑜𝑡𝑎𝑙 = 2344.45 × 0.99 + 280.32 + 99.82 +
180 × 21.5 × 8 × 2

1000
 = 2763.06 

𝑘𝑊ℎ

𝑀𝑜𝑛𝑡ℎ
 

where the human body heat generation rate was assumed to be about 180 W, and it was also 

assumed that, on average, two technicians work in the CT area. The area of the CT room is 

508 ft2; therefore, the energy intensity was estimated as 

5.44 ( 𝑘𝑊ℎ

𝑚𝑜𝑛𝑡ℎ.𝑓𝑡2) 

Simulation. Software and simulation tools for evaluating and forecasting a building’s 

energy consumption have a forty-year history. DOE-2, ECOTECT, Energy-10, EnergyPlus, 

eQUEST, HEED, TRACE 700, and SUNREL are examples of simulation packages in use today 

[15] [16]. However, one of the major drawbacks of such packages is the variation in estimated 

energy consumption due to deviation in external climate zones, occupants’ fluctuations, and 

installed internal loads [4]. Among these simulation tools, eQUEST has recently risen in 

popularity because of its building creation wizard, which combines a graphical user interface 

with DOE 2.2 and an easy step-by-step procedure for creating a building scheme.  The building 
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scheme is based on a wide variety of building elements, such as walls, windows, glasses, plug 

loads, ventilation, fans, pumps, chillers, boilers, etc. [16].  There are opinions in the literature on 

the suitability of eQUEST and other simulation packages for building energy modeling in the 

HVAC analysis. One calls into question the accuracy of simulation as a useful technique. Others 

accept the limitations of modeling. These two sides are documented in articles by Zhu [17] and 

Fumo et al. [18]. Other limitations cited are the difficulty and time it takes to provide a large 

number of inputs to the software. 

In this study, the eQUEST software package was applied to estimate the energy intensity 

of the CT and x-ray rooms in two ways. The first method estimates the energy intensity for the 

entire VA building and determines the energy intensity of both rooms based on that estimate. 

The second method uses eQUEST to directly estimate each room’s heating and cooling energy 

intensity, assuming that each room’s area is a “high temperature insulated area.” The eQUEST 

building simulation requires 25 input screens with approximately 300 input fields. Default values 

are given for all essential fields (e.g., building area), and when the data is not available, non-

essential fields (e.g., roof skylights) can be left blank. The accuracy of the simulation greatly 

depends on the accuracy of the 300 input field values. For this application, the majority of the 

information required for the simulation was obtained by consulting with VA maintenance and 

other personnel. Figures B.6 and B.7 show the eQUEST simulation results for cooling and 

heating energy consumption per month. 

The first method to calculate the energy intensity for the CT and x-ray rooms was by 

calculating the energy intensity of the entire building. However, this approximation is not very 

accurate because it simply calculates the average intensity over the entire building area without 
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taking into consideration areas where the energy intensity can be higher, such as in CT and x-ray 

rooms. The heating and cooling intensities using the entire hospital simulation are as follows: 

Heating:  1.39 kWh/month.ft2 

Cooling:  0.93 kWh/month.ft2 

      

       Figure B.6: eQUEST results showing     Figure B.7: eQUEST results showing gas 
electricity consumption for VA hospital by month      consumption for VA hospital by month 
 

The second method simulates each room as an outpatient healthcare facility while taking 

into account their real temperature boundary conditions.  It was assumed that the highest heat 

loss will be through the windows, and the minimal heat loss would be through the floor, doors, 

interior walls, and ceilings.  High insulation was used on the roof and floor.  The doors were 

modeled as airlock entry doors in order  to decrease the heat transfer since the doors exit to 

interior halls.  A heat source in the CT room is the CT machine itself, which was simulated as 

heating equipment with a set point of 70˚F. 

Results of the simulation are shown in Figures B.8, B.9, and B.10, where the energy 

consumption in kWh is plotted by month. The fluctuations of energy consumption are due to 

differences in eQUEST’s heating and cooling degree days. Note that the CT room does not 

require heating, only cooling. The cooling intensity simulated for the CT room is as follows:  

Cooling:  12.26 kWh/month.ft2 
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     Figure B.8: eQUEST results for cooling     Figure B.9: eQUEST results for cooling 
energy consumption per month for CT room        energy consumption per month for x-ray room 
 

 

 

Figure B.10: eQUEST results for heating 
energy consumption per month for x-ray room 

 
Cooling and heating intensities based on x-ray room simulations are as follows: 

Heating:  0.67 kWh/month.ft2 

Cooling:  1.62 kWh/month.ft2 

B.3 Results 

A summary of the four methods to estimate overhead energy consumption in units of 

heating and cooling energy intensity is provided in Tables B.1 and B.2 for the x-ray and CT 

rooms, respectively. The estimated heating and cooling intensities using the monthly bills 

method was relatively lower than obtained intensities using thermal analysis or simulation, since 

in the monthly bill analysis, energy consumption was calculated by removing the baseload. 
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These results indicate that using monthly energy consumption, which is based on the data of 

cooling and heating days, underestimates the overhead energy consumption, although this 

method is extensively used in industry to determine heating/cooling energy consumption.  Note 

that when thermal analysis or eQUEST room simulation methods were utilized, it was assumed 

that no heating is needed in the CT room, since the heat generated by the CT machine must be 

removed using an air-conditioning unit specific to that room during all seasons. 

TABLE B.1 
 

METHOD COMPARISON FOR X-RAY ROOM 
 

Method Heating 
kWh/ft2 

Cooling 
kWh/ft2 

Average Monthly Bills 1.02 0.33 

Thermal Analysis N/A N/A 

eQUEST for Entire Building  1.39 0.93 

eQUEST for  Room  0.67 1.62 

 
Note that methods utilizing entire building data to determine overhead energy 

consumption provide different results compared to single-room simulation. For example, as 

shown in Table B.1, the room analysis method indicates that the heating intensity of the x-ray 

room is lower than the heating intensity of other areas in the hospital, whereas the cooling 

intensity is higher. Both x-ray and CT rooms are high traffic areas and also have heat-generating 

equipment such as computers and imaging devices. 

TABLE B.2 
 

METHOD COMPARISON FOR CT ROOM 
 

Method Heating 
kWh/ft2 

Cooling 
kWh/ft2 

Average  Monthly Bills 1.02 0.33 

Thermal Analysis No Heating 5.44 

eQUEST for Entire Building Method 1.39 0.93 

eQUEST for Room  No Heating 12.26 
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In Table B.2, thermal analysis gives the cooling intensity based on the assumption of 

keeping the temperature in that room constant by removing the heat generated from different 

heat sources. The resulting intensity is much higher than the one estimated for the entire building 

and also the intensity calculated using eQUEST simulation for the x-ray room.  Note that CT 

machines consume more energy than x-ray machines. In the CT room, the thermal analysis 

method estimate for cooling intensity is lower than the eQUEST simulation for the room. 

B.4  Conclusion 

Three methods—annual energy consumption (bill-averaging), thermal analysis, and 

simulation—were used to estimate the overhead energy (heating and air conditioning) of two 

rooms in a healthcare facility. For this application the simulation tool required a large number of 

assumptions about the data (300 inputs) to model the heating and cooling energy consumption, 

which was not very practical to model two rooms in a larger facility individually. The thermal 

analysis method is believed to provide the most accurate estimate and easiest to apply, but is 

applicable if the system under study has no significant amount of energy loss through the system 

boundaries.  The thermal analysis model is significantly simpler than the eQUEST simulation 

model, since it involves fewer variables. Finally, an estimate of overhead energy intensity per 

month based on monthly energy bills is the most efficient method in terms of the time required to 

provide some results to analyze. However, in this case, there is no way to determine how to 

include the heating and cooling energy consumption that appears in the baseload in analysis. 

The challenge here is how to estimate the energy consumption in a particular area of a 

building with certain environmental/climate requirements, given that energy-consuming systems 

such as central HVAC units serve the entire building. 
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APPENDIX C 

 

EVALUATION OF LIFE CYCLE ENERGY SAVINGS OF  

COOLING SYSTEM REPLACEMENT 

 

 

C.1  Introduction 

In recent years, an increasing interest in energy management can be found in every sector 

of the economy [1].  Efforts to define, understand, and describe energy consumption in 

commercial buildings have gained more importance as the first step in energy management.  

Roth et al. (2002) reported that commercial building HVAC systems consumed a total of 4.5 

quadrillion BTUs (quads) of primary energy in 1995, which represented the largest primary 

energy end-use in commercial buildings in the U.S. [2].  HVAC systems consist mainly of 

chillers, boilers, cooling towers, and pumps [3]. A report published by the ENERGY STAR® 

program mentioned that chillers and cooling towers of the HVAC systems may use as much as 

one-third of the electricity consumed in a typical commercial building [3]; however, this may 

vary significantly, depending on the nature of the business. In addition, the fluctuation of 

occupants during the day and internal installed systems in the building can cause variation in the 

energy consumption of HVAC systems [4].  In this study, the effects of replacing the cooling 

tower and the chiller, two key components of the air conditioning system, with newer technology 

are evaluated. 

The setting for this study is the Environmental Services (ES) building in Wichita, Kansas. 

Under a City of Wichita/DOE measurement and evaluation project conducted by the Bloomfield 

Industrial Sustainability Initiative at Wichita State University, an energy improvement project of 

the ES building involved replacing its cooling tower and chiller during 2010 and 2011.  The 

cooling tower is a water-to-air heat exchanger, which is the final stage in the air conditioning 
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cycle.  It is located at ground level, adjacent to the ES building.  The new tower unit features a 

variable-speed cooling fan, which is designed to reduce electrical energy input substantially for a 

given cooling load.  The chiller consists of twin water-cooled refrigerant motor-compressor units 

rated at a combined 150 tons.  Chiller efficiency is generally expressed in terms of electrical 

input power (kW) per ton of cooling. More efficient chillers will have lower kW/ton ratings, 

indicating that they use less electricity to deliver the same amount of cooling.  The new chiller 

features higher voltage and variable speeds, which should substantially increase efficiency and 

reduce energy input for a given cooling load.  The cooling tower was installed mid-June of 2010, 

the beginning of the cooling season.  The chiller was replaced in January 2011.  Thus, the 2011 

and 2012 cooling seasons reflect both changes in the overall system. 

C.2  Methodology 

Cooling Energy Estimation Method. Since the ES building is served by a single electric 

meter, energy savings must be inferred from changes in measurements of total electrical energy 

and power to the building, given that the building activities and population remained the same 

during the study.  It is necessary to deduct baseline energy requirements for lighting, and office 

and other equipment used in the building in order to isolate air conditioning energy. Here, in 

order to analyze the cooling system energy consumption during the cooling months, the non-

cooling electric energy should be subtracted from the overall electricity bill of the ES building.  

It was assumed that the energy consumption for the months between November and February 

(before each year cooling period) contains just the baseline energy consumption of non-cooling 

equipment in the building, such as computers, lighting, etc.  It should be noted that heating in the 

ES building was generated with natural gas, so there was no heating component in the electricity 
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bills. For instance, the cooling energy consumption for the June 2009 was calculated based on 

equation (1): 

 Cooling EnergyJun.09 = Electricity Bill EnergyJun.09 − Non Cooling Baseline2009 (1) 

where the 2009 non-cooling baseline was the average of electricity bill energy between 

November 2008 and February 2009. 

It was also necessary to account for the impact of weather conditions on cooling system 

demand when comparing month-to-month data.  Building system cooling requirements are 

dependent on outside ambient conditions.  Changes in ambient conditions are accounted for by 

HVAC engineers and technicians by using the cooling degree days (CDD) and heating degree 

days (HDD) concept.  Because the scope of this study is related to cooling systems that operate 

during the cooling months, the HDD was not considered.  Cooling degree days are defined as the 

peak ambient temperature minus a reference ambient temperature (the difference being the delta 

temperature), times the number of days for each delta temperature. In this study, the reference 

temperature is 65 degrees Fahrenheit.  Since cooling requirements are essentially directly 

proportional to this delta temperature, CDD gives an approximation of the air conditioning 

requirements, without need for knowing the detailed heat transfer (conduction, convection, and 

radiation) required to maintain building temperature.   Knowing the energy input required per 

unit heat removed provides a measure of relative air conditioning system efficiency.  An HVAC 

system with a low kWh energy input per CDD is more efficient than a system with a higher 

kWh/CDD.  The kWh/CDD concept accounts for weather differences when comparing old and 

new systems.  In this report, the old equipment data was adjusted to weather conditions for the 

2011 cooling season with the new equipment.  This was accomplished by calculating the CDD 

for each month during a particular prior cooling season and then multiplying each kWh for a 
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particular year by the ratio of CDD for 2011 divided by the CDD for the target year.  For 

example, the cooling kWh for June 2009 adjusted to 2011 cooling season is calculated as 

equation (2): 

 𝐽𝑢𝑛𝑒 2009 𝒂𝒅𝒋𝒖𝒔𝒕𝒆𝒅 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑘𝑊ℎ =  
 𝐽𝑢𝑛𝑒 2009 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑘𝑊ℎ ∗ (

 𝐽𝑢𝑛𝑒 2011 𝐶𝐷𝐷

𝐽𝑢𝑛𝑒 2009 𝐶𝐷𝐷
) (2) 

 
Therefore, the comparison of normalized energy consumption for the years before 2009 

to the year 2010 provides the improved efficiency of the cooling tower installed at mid-June 

2009, and the comparison of 2010 data with the years later reflects the improved efficiency of 

the new chiller system, which was installed in January 2011. 

Reduced Emissions Estimation Method. Emissions are evaluated based on emission 

factors (kg CO2 equivalent/kWh of energy) for the Westar Energy electrical grid system serving 

the Wichita area.  Since the Westar system consists of a combination of coal, natural gas, fuel 

oil, and nuclear sources at electrical generating plants as well as newly introduced wind turbine 

and gas turbine power plants, the appropriate emissions factor will be a composite value, which 

varies from year to year.  The EPA publishes these data in the public domain.  However, the 

agency’s data lag actual performance by several years.  As Westar introduces wind and gas 

turbines, the Westar emission factor should improve. Emissions are calculated based on the best 

available public domain emission data from the EPA eGRID database [5].  The emission rate is 

for year 2007, the most recent information in that data base.  In accordance with EPA/DOE 

recommendations, the emissions factor for non-baseload power generation is used in the present 

study. 

Temporal Boundary of Study. In this study, the five years of electricity consumption of 

the ES building between January 2008 and October 2012 were taken into consideration, and the 

electricity bills were collected and analyzed.  Four months of each year—November, December, 
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January, and February—data were used in order to determine the baseline for non-cooling 

components of energy consumption, and the five months from May to October were considered 

to be cooling months.  The remaining three months—March, April, and October—are mixed 

partial cooling seasons, which vary from year to year and were excluded from this study. 

C.3  Results 

Energy Consumption Reduction. The CDD data for the five-year study period were 

collected using GF09 weather station data in Wichita, available from the Weather Data Depot 

website [6].  As noted earlier, CDD monthly data were calculated by using 65 degrees Fahrenheit 

as the CDD balance point temperature, which is the average daily outside temperature at which a 

typical building maintains a comfortable indoor temperature without heating or cooling.  As 

shown in Figure C.1, the CDD for years 2010, 2011, and 2012 are substantially higher than for 

years 2008 and 2009, reflecting warmer summers and a greater amount of cooling kWh 

consumed in order to adequately cool the ES building. 

 

Figure C.1: Cumulative cooling degree days for years 2008 to 2012 [6] 
 

As described in the methodology section, the non-cooling season energy must be 

subtracted from the total energy consumption of the building to obtain the net cooling system 
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energy.  Figure C.2 shows the net cooling energy consumption (kWh) not yet adjusted for CDD 

weather differences between years.  As expected, the 2010 cooling electricity consumption was 

significantly higher than 2008 and 2009 due to the very hot summer.  However, as can be seen, 

the cooling energy consumption for 2011 and 2012 was substantially lower than earlier years, 

despite the added cooling load of a very hot summer.   

 

Figure C.2: Net cooling electricity consumption between 2008 and 2012 
 

To adjust these different data to the same weather basis, the monthly cooling degree days 

of 2011 were chosen as the basis, and the other four years of monthly electricity consumption 

were adjusted by using equation (2).  This methodology reflects the amount of “normalized” 

energy that would have been required to cool the building for the weather conditions (CDD) of 

2011. Figure C.3 shows the normalized energy consumption based on 2011 CDD weather 

conditions. This chart also shows that the normalized energy consumption of years 2008 to 2010 

was relatively constant, while that of years 2011 and 2012 shows a distinct reduction, as 

expected with new equipment.  Because the chiller system was installed in January 2011, the 

reduction can be attributed to the new chiller and cooling tower system (Figure C.4). 
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Figure C.3: Normalized cooling kWh based on 2011 cooling degree days 
 
 

 

Figure C.4:  Cooling season energy consumption and cost, all normalized to 2011 CDD 
 

Cost Savings. A cost comparison of old and new systems is provided by calculating the 

cost for each cooling season, using an average cooling season cost per kWh based on Westar 

billings.  For this study, an average cost of electricity during cooling seasons 2008 to 2012 for 

the ES building, 9.13 cents per kWh, was used.  These cost results, adjusted to 2011 CDD, are 

also shown in Figure C.4. The average cooling cost from 2008 to 2010 was $16,383, while the 
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average cooling cost with both a new cooling tower and a new chiller in 2011 and 2012 was 

$7,429, a savings of $8,954. 

CO2eq Emissions Reduction. Global warming, oil and natural gas limitation concerns, 

and rising fossil fuel costs have prompted international groups and many nations, states, and 

cities to assess their use of fossil fuel resources and other human activities that contribute to the 

“greenhouse” effect.  Emissions from electricity generation (primarily from coal burning) 

continue to be the source of greenhouse gases.  Following the EPA’s standard practice, GHG 

emissions in all forms have been converted to annual carbon dioxide equivalent “CO2eq” 

emissions [7].  CO2eq is a measure of the total amount of carbon dioxide (CO2) and methane 

(CH4) emissions of a defined population, system, or activity, considering all relevant sources, 

sinks, and storage within the spatial and temporal boundary of the population, system, or activity 

of interest, using the relevant 100-year global warming potential (GWP100) [8]. 

In this study, the CO2eq emissions were calculated using “non-baseload” emission rates 

for the Westar Energy, Inc. generating system.  This is the methodology recommended by the 

EPA for this type of analysis, because energy savings should be based on the cooling season’s 

electricity-generating equipment, which ordinarily is somewhat less efficient and therefore has 

higher emissions than baseload equipment, which is in service year-round.  Based on EPA 

information, the Westar non-baseload emission rate is 0.844 kg of CO2eq per KWh direct 

building use [5], which results in an annual CO2eq emissions reduction of 82,733 kg (182,395 

lbs). Since cost and emission reductions are directly related to energy savings, all parameters 

show the same 55% reduction. 
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C.4  Conclusion 

The purpose of this study was to quantify the energy savings, cost savings, and 

environmental emissions reduction from replacing the air conditioning equipment in the 

Environmental Services Building in Wichita, Kansas. Results show that the cooling electric 

energy consumption was decreased by 98,025 kWh (55%) per year, which produced a cost 

savings of $8,954 (55%) per year and a CO2eq emissions reduction of 82,733 kg (182,395 lbs) 

per year. 
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APPENDIX D 

 

EVALUATION OF LIFE CYCLE ENERGY SAVINGS OF OCCUPANCY SENSORS  

FOR LIGHTING CONTROL  

 

 

D.1  Introduction 

The largest energy usage in commercial buildings comes from heating, lighting, cooling, 

and ventilation systems [1]. Investing in properly designed and integrated energy-efficiency 

strategies is a proven method of controlling facility energy costs.  And the use of occupancy 

sensors is a proven strategy to reduce energy consumption [2]. Motion sensors and timer 

equipment automatically turn lights off in areas that are not in use. The purpose of this study was 

to quantify the energy savings as well as environmental emissions reduction from the installation 

of occupancy sensors (largely in an office context) in the City Hall building in Wichita, Kansas. 

Wichita City Hall is a 13-story, high-rise, essentially all-glass exterior office complex, 

which was constructed in the 1970s. The building is all electric, and electricity use is dominated 

by heating and air conditioning requirements.  The windows and interior construction are such 

that little ambient light is available to the inner areas. The building utilizes nearly 100% 

fluorescent lighting (T-8).  Previous lighting controls of the building consist of four essentially 

equal lighting zones per floor, which caused lights to be frequently on in areas or rooms that 

were not occupied. Energy use of the lighting fixtures represents a measurable fraction of annual 

energy use; in addition, heat produced by the lights adds an extra burden to air conditioning 

loads during the cooling season. Under one component of a DOE Energy Efficiency and 

Conservation Block Grant to the City of Wichita [4], in the first quarter of 2011, lights were 

rewired to provide for much smaller control zones, and occupancy sensors were installed in order 

to reduce lighting energy consumption. Under the project reported here, conducted by the 
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Bloomfield Industrial Sustainability Initiative at WSU, the efficiency of the occupancy sensor 

lighting project was analyzed and reported. 

D.2 Methodology 

In order to assess the impact of changes in energy consumption, it is necessary to isolate 

the electrical energy changes associated with lighting usage changes. Two different methods 

were conducted to analyze the data. 

Method A: Lighting Circuit Metering. Baseline data for lighting electricity use before 

and after installation of the new lighting controls were obtained and analyzed. Hand-recorded 

data logs documenting City Hall building lighting power use as a function of time of day were 

obtained from city maintenance staff for the time period February 2010 to November 2012. A 

spreadsheet program was developed to analyze lighting energy use during business and non-

business hours for the first 28 days of each month.  The reason for considering just 28 days of 

each month is the variation of a month’s days (and working days) during different months of a 

year.  This strategy unbiased the analysis because each month has four weeks (20 working days 

and 8 weekend days). Analysis results were then adjusted for a complete 52 weeks of a year. The 

effect of holidays was not considered in the analyses. Analyzed data from the lighting circuit 

meter established the first method of assessment. 

Method B: Data Logger Measurements of Lights in Use. Data loggers were obtained 

and installed at selected locations to sample lighting-use patterns.  A survey of lighting was 

conducted to determine light use patterns for representative floors and use areas. Lighting 

operation data were collected using a SMART logger for baseline studies (before lighting sensor 

control), savings analysis, and the operation schedule. The logger device recorded the time and 

state of the light condition (on/off). Each time the lighting conditions changed, the logger 
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documented the time of day. The data were downloaded to a computer and organized into 

consistent formats for data aggregation and analysis. A computer program was developed to 

analyze the reductions in light usage and corresponding energy savings after installation of the 

new lighting controls. 

Results from Methods A and B were compared and cross-checked. Cost savings were 

calculated from Westar Energy electric utility bills, and emissions reductions were calculated 

based on emissions per kWh of electricity use for the Westar system, beginning with January, 

2011 data. 

D.3  Results 

Method A: Lighting Energy Reduction. The lighting power meter data for the entire 

City Hall building were collected for 34 months. In order to validate that the meter reading 

represented the lighting energy consumption during the day, two floors of the City Hall building 

were observed, and the number of “on” lamps were counted on Wednesday, June 29, 2011. The 

number of “on” lamps for the seventh and eighth floors of City Hall was 742 and 748 lamps, 

respectively. Considering 32 watt T-8 type fluorescent lamps, the actual power consumption of 

the seventh and eighth floors was 23.744 and 23.936 kW, respectively. Assuming a similar 

lighting pattern for the other floors, the total building lighting power consumption would be 

309.920 kW.  The power meter reading in the same hour was 300 kW, which is close enough 

(3% error) to the estimated value. Thus, the meter data were found reliable enough to use for 

further analyses. 

City Hall maintenance staff manually record the power reading every two hours from an 

analog “Lighting Power” meter in the power control room. The product of the power (kW) times 

the two-hour time period results in the average energy consumption (kWh) for the period.  Then 



 

153 

the summation of the energy for 28 days (four weeks) gives the monthly energy consumption, as 

reported in Figure D.1. As can be seen, during 2010, the monthly lighting energy dropped from 

171,527 to 126,336 kWh. This reduction was the result of two changes. First, some outside lights 

were disconnected from inside the lighting system. Second, the building cleaning crew work 

schedule was changed from second shift (4 pm to midnight) to first shift (8 am to 5 pm), thus 

reducing lighting needs. From April to November 2010, the lighting energy was fairly constant, 

with an average of 127,419 kWh.  The curve in the data shows the effects of differing sunlight 

during different months of the year.  The next decrease in lighting energy occurred during sensor 

installation and adjustment, from January to March 2011. The calibration and site-specific 

adjustment of lighting controls is essential if optimum energy savings are to be achieved and 

maintained.  Occupancy sensors with the sensitivity set too high can fail to save energy, and 

occupancy sensors with the sensitivity set too low or having a too-short delay time can be 

annoying to occupants [3].  The major calibration and adjustment of sensors in different rooms of 

the City Hall building were performed during the first quarter of 2011.  

 

Figure D.1: City Hall building monthly lighting energy consumption for years 2010 to 2012 
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Adjustment of sensors was an ongoing task. For the months April to November, data for 

2010 show an average monthly lighting energy of 127,419 kWh, while data for the same months 

of 2012 show 102,187 kWh consumption per month.  Comparing the values of 2010 and 2012, 

the average energy savings from the project is 25,232 kWh for four weeks.  These values have 

been scaled to a yearly (52-week) basis, as shown in Table D.1, giving a total lighting energy 

savings for one year of 328,015 kWh. 

TABLE D.1 

LIGHTING ENERGY BEFORE AND WITH SENSORS 

 Average Lighting 
Energy (4 weeks) 

(kWh) 

Annual Lighting Energy 
(52 weeks) 

(kWh) 

2010 Before Sensors 127,419  1,656,448 

2012 With Sensors 102,187  1,328,433 

Savings 25,232  328,015 

Savings (Percentage) 19.80% 19.80% 

 
Method B: Occupancy Sensors.  Occupancy sensors were installed in 270 rooms of the 

City Hall building in mostly private offices (246 sensors).  The other sensors were installed in six 

conference rooms, three training rooms, seven storage rooms, four restrooms, and four break 

rooms.  In order to identify the lighting use patterns of these different spaces, SMART data 

loggers were obtained and installed in 20 selected locations.  This sample of twenty-four rooms 

for study was identified by the on-site facilities management staff as representative of space 

types within that building.  Pre-installation data were recorded in November and December 

2010, while post-installation data were collected in June and July 2011. 

The reported values shown in Table D.2 show average percentages that the lights were 

“on” in selected spaces before and after sensor installation. The average energy consumption 

reduction is a weighted average considering the share of each type of room in the project. 
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 TABLE D.2 
  

LIGHTING ENERGY CONSUMPTION REDUCTION IN SELECTED AREAS  
OF CITY HALL  

 
 Before Sensor Installation After Sensor Installation Percent Savings 

(Reduction in Hours 
of “On” Lights) Hours of 

Observation 
Percentage 

“On” 
Hours of 

Observation 
Percentage 

“On” 

Private Offices 1,680  36.75 3,528  21.49 41.53 

Training Rooms 336  14.91 336  6.87 53.91 

Conference Rooms 504  35.10 168  9.72 72.31 

Break Rooms 336  40.24 336  22.50 44.08 

Copier/Storage Rooms 336  44.03 168  9.35 78.76 

Average Lighting Energy Consumption Reduction  43.38 

 
In the defined project, no sensors were installed in those large areas that constantly had 

people walking through or stationed, such as halls, corridors, and aisles between offices.  Based 

on the number of lighting fixtures on the seventh and eighth floors, 30.75% and 17.76%, 

respectively,  of the lighting fixtures were located in the occupancy sensor areas.  Therefore, an 

average of 24.26% of lighting fixtures in the City Hall building was considered for estimating the 

energy consumption reduction.  The product of 24.26% and 43.38%, which is 10.52%, is the 

estimated lighting energy consumption reduction for the City Hall building. 

The results from method B are reasonably close to the findings from Method A.  In 

December 2010, the energy consumption was 133,016 kWh.  With a 10.52% reduction in energy 

consumption, the estimated value for June 2011 was 119,016 kWh.  The actual value for June 

2011 energy consumption from Method A was 108,428 kWh.  The results from method B are an 

independent validation of the values from Method A, which is considered the basis for the 

emissions reduction estimation and economic analysis in the next section. 

Reduction in Lamp Life. Two factors in the light sensor installation impact the life of a 

T8 fluorescent bulb.  First, the rated life is typically 24,000 hours, which, with sensors, extends 
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its life by 43%, as shown in Table D.2, since these are “on” less of the time.  Second, the 

fluorescent light life is impacted by the frequency of “on” and “off” cycles. Figure D.2 shows the 

life at 100% (24,000 hours) when the “on/off” cycle is three hours [5]. Thus the average “on/off” 

cycle shown in Table D.3 is determined using Figure D.2 to find the reduced life weighted by the 

number of bulbs controlled by the sensors.  When occupancy sensors are added to a lighting 

system, the lamp life decreases because the lamp-switching frequency increases.  It is assumed 

that before sensor installation, all lamp life followed the three-hour cycle (24,000 hours). 

 

Figure D.2: Effect of operating cycle on lamp life [5] 
 

Based on data collected after the sensors were installed, the average number of hours 

between fluorescent lamp starts was calculated and reported in Table D.3.  The average reduction 

in lamp life was calculated considering the share of each type of room in the project. Based on 

the estimated values for the lamp life extension, 43.38%, and the lamp life reduction, 32.03%, 

the installation of sensors in the City Hall building will extend the overall life of lamps in the 

rewired areas by 11.35%. The extension of lamp life (that is, less replacement of fluorescent 

lamps) reduces the indirect energy consumption of the building. The indirect or downstream 

energy is the energy to manufacture a given product (from earth/resource extraction through 
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manufacturing), known as the cradle-to-gate life cycle energy.  The indirect energy consumption 

for producing one 32 W T-8 Philips lamp (length 48”) is reported as 5.84 MJ (1.622 kWh) [6]. 

TABLE D.3 

REDUCTION IN FLUORESCENT LAMP LIFE IN SELECTED AREAS OF CITY HALL  

 Before Sensor Installation After Sensor Installation Percent 
Reduction in 
Lamp Life Hours between  

Starts 
Estimated Lamp Life 

Hours 
Hours between  

Starts 
Estimated Lamp Life 

Hours 

Private Offices 3  24,000  2.032  16,800  30 

Training Rooms 3  24,000  4.762  33,600  40 

Conference Rooms 3  24,000  1.136  10,800  55 

Break Rooms 3  24,000  0.602  6,000  75 

Copier/Storage Rooms 3  24,000  0.314  2,400  90 

Weighted Average Reduction in Lamp Life  32.03 

 
Project CO2eq Emission Reduction. Global warming, oil and natural gas limitation 

concerns, and rising fossil fuel costs have prompted international groups and many nations, 

states, and cities to assess the use of fossil fuel resources and other human activities that 

contribute to the “greenhouse” effect.  Emissions from electricity generation (primarily from coal 

burning) continue to be the largest GHG emission source.  Following the EPA’s standard 

practice, GHG emissions in all forms have been converted to annual carbon dioxide equivalent 

(CO2eq) emissions [7].  CO2eq is a measure of the total amount of carbon dioxide (CO2) and 

methane (CH4) emissions of a defined population, system, or activity, considering all relevant 

sources, sinks, and storage within the spatial and temporal boundary of the population, system, or 

activity of interest using the relevant 100-year global warming potential (GWP100) [8]. 

In this study, two sources of CO2eq emission were considered: (1) decrease in CO2eq 

emissions related to the reduction of lighting energy consumption, and (2) decrease in CO2eq 

emissions related to the extension of fluorescent lamp life. 
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Direct Emissions Reduction. As shown earlier in this appendix, the analysis of direct-

energy shows that yearly energy savings is 328,015 kWh. Based on the EPA information 

published in the eGRID data base 2007, the Westar non-baseload emission rate is 0.844 kg 

CO2eq per kWh direct building electricity [9].  Multiplying the energy savings by the emissions 

rate gives an emission reduction of 276,844 kg CO2eq per year. 

Indirect Emissions Reduction. The indirect energy consumption for the production of 

one 32 W T-8 Philips lamp (length 48”) is reported as 5.84 MJ [6]. The emissions factor of 1 MJ 

cradle-to-gate energy is 0.06 kg CO2eq. Therefore, the emission related to replacement of one 

lamp is 0.350 kg CO2eq. 

Based on the seventh- and eighth-floor observations, the total number of fluorescent 

lamps in the building was estimated as 15,080, while 24.26% of them, or 3,659 lamps, were 

rewired for sensor installment. The indirect energy consumption of 3,659 fluorescent lamps was 

5,935 kWh and the CO2eq emissions was 1,281 kg.  Before sensor installation, the replacement 

period of these 3,659 lamps was 24,000 hours. Assuming 12 hours per working day, 5 days per 

week and 52 weeks per year, this value is equal to 7.69 years.  Therefore, the rewired area of the 

building’s annual indirect energy consumption was 772 kWh and the annual CO2 emission was 

167 kg.  After sensor installation, lamp life was extended by 11.35%, thus making the 

replacement period now 8.57 years.  The annual indirect energy consumption of the rewired 

areas was 693 kWh and the annual CO2eq emission was 150 kg, as shown in Table D.4. 

TABLE D.4 

EMISSIONS REDUCTION RELATED TO FLUORESCENT REPLACEMENT 

 
Annual Indirect Energy 

Consumption 
(kWh) 

Annual Indirect CO2 
Emissions 

(kg) 
Without Sensors (old system) 771.874  166.534  

With Sensors (new system) 692.988  149.514  

Net Emissions Reduction 78.885  17.019  
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Installation of sensors in the City Hall building will reduce the indirect CO2eq emissions 

of the building by 17 kg every year (167–150 = 17).  Comparing the direct and indirect sources 

of emissions shows that the emissions reduction occurs mostly because of the reduction in 

lighting electricity consumption, as can be seen in Table D.5.  The net emissions reduction of the 

City Hall building carbon footprint is 276,861 kg (610,374 lbs). 

TABLE D.5 

EMISSIONS REDUCTION RELATED TO LIGHTING ELECTRICITY CONSUMPTION 

 Annual CO2eq Emissions Reduction 
(kg) 

Emissions Reduction Related to Lower Lighting Electricity Consumption  276,844  

Emissions Reduction Related to Extension of Lamp Replacement Period       17  

Net Emissions Reduction 276,861  

 
Economic Analysis. Based on the average kWh cost from Westar billings for 2011, 8.42 

cents per kWh was used for the economic analysis related to the reduction of direct electricity 

consumption. Saving 328,015 kWh of energy saves $27,619 each year. If electricity rates 

increase as most experts predict, even greater savings will be realized. 

The 11.35% extension of the lamp-replacement period from 7.69 to 8.57 years was the 

other source of project savings.  The price of T8 fluorescent lamps was considered to be $4.79 

[5].  Before sensor installation, the City Hall should have spent $17,526 every 7.69 years to 

replace 3,659 fluorescent lamps, making the annual cost of replacement to be $2,278.  After 

sensor installation, the $17,526 would be spent in 8.57 years.  Therefore, the annual cost of 

replacement is now $2,046, with a yearly savings of $232.  Similar to the CO2eq emissions 

reduction, most of the project’s operational savings is related to lower lighting electricity 

consumption, as shown in Table D.6. 
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TABLE D.6 

ANNUAL OPERATIONAL SAVINGS OF LIGHTING PROJECT 

 Annual Operational Savings 
($) 

Savings Related to Lower Electricity Consumption 27,619 

Savings Related to Extension of Lamp-Replacement Period  232 

Net Emissions Reduction 27,851 

 
D.4 Conclusion 

The purpose of this study was to quantify the energy savings as well as environmental 

emissions reduction as the result of installation of occupancy sensors in the Wichita City Hall 

building.  Two methods were used to isolate the electrical energy changes associated with 

changes in lighting usage.  Rresults can be summarized as follows: 

 Electric annual energy consumption has decreased by 328,015 kWh. 

 The net cost savings is $27,851 per year. 

 The project’s net annual reduction in emissions is 276,861 kg CO2eq (610,374 lbs). 
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