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Abstract: The energy consumption of existing buildings depends on their physical features, climatic
conditions, and business activities, such as operating hours and occupancy characteristics. It is
necessary to perform a fair assessment of building energy performance considering the business
activities. It has become especially necessary to collect and manage information on business activities
in hospitals since hospitals operate continuously throughout the year, treating patients and using
various medical equipment. This study aimed to develop a benchmark that considers business
activities and to perform building energy performance assessments in hospitals using the developed
benchmark. Initially, the necessary data from hospitals for assessing energy performance and
developing an energy benchmark were identified. Then, survey items regarding the business activities
and energy consumption of buildings were designed, and a survey was conducted at 48 general
hospitals. Secondly, multiple linear regression was used to identify and normalize the major business
activities affecting energy use and to develop a benchmark for energy performance assessment.
Thereafter, the Energy Efficiency Ratio (EER), the result of comparing the actual energy consumption
with the benchmark, was used as an index for the energy performance assessment. Thirdly, additional
general hospitals were surveyed to validate the benchmark. The EER of the additional surveyed
hospitals was calculated with the developed benchmark. The Energy Use Intensity (EUI) and EER of
buildings were reviewed, and analysis was performed to identify why some buildings had a similar
EUI but a different EER. Finally, a method to improve the benchmark is presented, and the improved
benchmark model is compared with the existing model.

Keywords: building energy benchmark; energy efficiency ratio; operational rating; building energy
survey; regression analysis; hospital

1. Introduction

With growing interest in reducing energy consumption and greenhouse gas emissions
in the building sector worldwide, energy performance assessments have become increas-
ingly relevant for improving and continuously maintaining building energy efficiency.
To improve the energy performance of new and existing buildings, many countries have
implemented various policies to limit physical features or to assess and manage energy
performance. For new buildings, energy efficiency is first considered in the design phase,
which should comply with the evolving legal standards [1–4]. However, existing buildings
are relatively vulnerable in terms of energy efficiency owing to energy performance degra-
dation caused by the aging envelope and equipment. In Korea, the proportion of existing
buildings increases every year, and by 2020, 2.82 million (~38.95%) out of the existing 7.24
million buildings were more than 30 years old [5,6], indicating the growing importance
of collecting and assessing energy performance data for managing the existing buildings
across the country [7,8].

The energy consumption of existing buildings is not only affected by their physical
features but also by business activities (e.g., operating hours, number of workers, and
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climate) [9,10]. Particularly, business activities should be taken into account to evaluate the
energy performance of existing buildings properly. Operational Rating (OR) is a method
to assess building energy performance by considering business activities. This method
evaluates the building energy performance by comparing the actual energy consumption of
the building with a benchmark, which represents the energy performance of a peer group
with attributes similar to those of a given building, such as building use [11–15]. Business
activities are normalized, and energy performance levels are assessed by comparing them
with similar buildings. The results are compared to benchmarks, which can provide
information to determine the energy performance level and to motivate energy retrofits [16].

In many studies, benchmarks based on business activities have been developed for
the OR of existing buildings. Monts and Blissett [17] have discussed the aforementioned
limitations in using the simple normalized Energy Use Intensity (EUI) for commercial
buildings and have used a simple linear regression model to assess the energy-use perfor-
mance of commercial buildings. Hong et al. [12] compared the percentile calculation value
of EUI with the benchmark derived through the Artificial Neural Network (ANN) method
using energy consumption data from British schools in the Display Energy Certificates
(DEC) dataset. Information such as construction year, school type (primary/elementary or
secondary/high school), and the number of students were used to derive the benchmark.
Chung et al. [18] have developed a regression equation using the climate, building age,
the annual number of visitors, indoor setting temperature, internal floor area, and annual
operating hours for supermarkets as a benchmark model. Dahlan et al. [19] have developed
a multiple regression equation using nine variables, including total floor area, number of
outpatients, and medical devices for energy performance evaluation in Malaysian hospitals.
Existing studies have collected required business activity information and have developed
benchmarks according to the characteristics of building use.

In national-level research, data collection and utilization for OR of existing buildings
have also been carried out. The Department of Energy and Climate Change of the UK
assessed the energy consumption of non-residential buildings by observing energy sources
and measuring their efficiency using occupant activity, indoor area, and building compo-
nents (e.g., insulation and equipment) through the Display Energy Certificates (DEC) [20,21]
scheme. The Environmental Protection Agency (EPA) of the United States uses the Energy
Star system [9,10], which assesses energy performance through the Commercial Building
Energy Survey (CBECS) [22] that periodically surveys the physical features, business ac-
tivities, and energy consumption of buildings. In addition, the Energideklaration [23] of
Sweden and Commercial Building Disclosure (CBD) of Australia [24] collected and utilized
physical features and operational characteristic data to assess the energy performance
of existing buildings. In addition to the abovementioned countries, business activities
are being considered in Germany’s Verbrauchsausweis [25] and India’s Building Energy
Efficiency (BEE) Star Rating [26].

In Korea, energy performance data of existing buildings have been collected and
analyzed. The Ministry of Land, Infrastructure, and Transport (MOLIT) have operated
the “National Building Energy Database (NBED)” which integrates building features, such
as gross area and height, and energy consumption data [27,28]. The MOLIT has used
these data to conduct statistical analyses, energy performance assessments, and disclosure.
Moreover, MOLIT implemented various policies to improve the energy performance of
existing buildings [29–31]. However, cases that collect data on business activities in actual
buildings in relation to building energy performance assessments do not exist.

In response to the aforementioned information, this study aims to develop a bench-
mark that considers business activities and to perform building energy performance as-
sessments in hospitals using the developed benchmark. Hospitals operate 24 h a day;
in addition, high-energy medical equipment such as MRI (magnetic resonance imaging)
and CT (computed tomography) is used for medical services, including diagnosis and
surgery [32,33]. For these reasons, general hospitals with intensive energy use were set as
targets for analysis. Initially, survey items, sampling methods, and benchmark develop-



Buildings 2023, 13, 12 3 of 25

ment considerations of the existing benchmarking systems were analyzed to collect data on
appropriate business activities from samples that represent the general hospital population.
Second, appropriate survey items were set up based on the results of the case analysis, and
according to sampling, 48 hospitals were surveyed. Third, variables of major business ac-
tivities that affect energy consumption were selected through descriptive statistical analysis
and single regression analysis of each survey item. A multiple regression equation, which
describes energy consumption based on the business activities of the actual general hospi-
tals, was then derived. This equation was used as a benchmark for calculating the expected
energy consumption for each hospital, and it was used to perform an energy assessment by
Energy Efficiency Ratio (EER), the result of comparing the actual energy consumption with
the benchmark. Finally, new hospital data were collected, and energy performance was
assessed to validate the calculated benchmark value. The calculated EER was validated
by a new method comparing the relationship with Energy Use Intensity (EUI). Even if the
EER reflects operational characteristics that are not considered in the EUI, it is necessary
to review the validity of the assessment results if the difference between EUI and EER is
too large. Therefore, we visited some buildings where energy performance was evaluated
well or excessively poorly to examine whether objective assessments were performed. The
objectivity of the assessment was examined during the energy performance assessment,
and the need to improve the benchmark was confirmed. Accordingly, a new regression
equation was derived as a benchmark to improve the model, which was confirmed by
comparing the energy performance assessment results between the existing and modified
benchmarks. The significance of our study lies in the systematization of the survey items
and sampling methods for hospitals in Korea. Moreover, we reviewed the appropriateness
of the benchmark through actual building visits and proposed an improved benchmark.

2. Overview of the Energy Performance Benchmarking System

Energy benchmarking refers to measuring a building’s energy use and comparing
it with the energy consumption of similar buildings. For benchmarking, it is necessary
to collect information on ‘business activities’ and develop a benchmark. Therefore, the
state-of-the-art features of the methods for collecting data on business activities and for
developing building energy performance benchmarks were reviewed.

2.1. Survey Items and Sampling Method

Investigating business activities in buildings that are related to energy use is an essen-
tial task to collect analytics data for determining key factors affecting energy consumption
and construct statistical information related to buildings in the long term. Moreover, setting
initial survey items is necessary for reliable statistical information and the determination of
influence factors. In this study, for analysis of valid survey items, survey cases related to
building energy use that has been conducted in four countries and related systems were
analyzed as presented in Table 1.

The analysis of the survey or system was limited to the hospital (non-residential),
which is the subject of this study. Type A is a case that collects data regarding the status
of energy use in buildings and provides basic statistical data. Type B represents a case
wherein survey items are used to assess and disclose the energy performance of buildings.
In Cases 1, 7, and 8, the survey items were organized based on commercial or overall
building usages, including hospitals, and Cases 2–6 correspond to cases where a survey or
performance assessment particularly focused on hospitals was conducted.

Survey items were categorized through the analysis of surveys, and each survey item
was examined to determine the items with a higher frequency of utilization in surveys
and systems as more important items. Table 2 presents the types of survey items and the
analysis results of the utilization of each item used in the surveys and systems (No. 1–8 in
Table 1).
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Table 1. Energy use-related surveys or systems for hospitals by country.

Country No. Survey or System Name Type *

U.S.

1 Commercial Building Energy Consumption Survey (CBECS) [22] A
2 EnergyStar (Portfolio Manager) [9,10] B
3 American Hospital Association (AHA) Survey [34] A

4 American Society for Healthcare Engineering (ASHE): Energy &
Water Survey [35] A

Germany 5 Verbrauchsausweis [25] B

India 6 Building Energy Efficiency (BEE) Star Rating [26] B

Korea
7 Energy Consumption Survey [36] A
8 National Building Energy Database (NBED) [27,28] A

* Type A: Case of building operation survey (including data collection). Type B: Case which used the operation
survey results.

As general hospitals typically have several buildings in operation, survey items were
divided into those for the entire hospital and those for the physical features of each indi-
vidual building in the hospital. The survey items for the entire hospital include general
data, such as the built/opening year and building management method; business activity
data, such as the number of beds and the total number of inpatients/outpatients; and
information on the energy consumption of the entire building. The survey items related
to individual buildings primarily consist of information on the physical features of the
building envelope and equipment and on the area or ratio of space for each building.

The data on occupancy or operation were comprehensively surveyed on weekdays and
weekends, and the total number of inpatients/outpatients and number of operating rooms
were added as survey items. As it was difficult to obtain accurate data on the physical
features or equipment of existing buildings, the type and number of equipment were
surveyed in most cases rather than the detailed performance of equipment. In the case of
building data, detailed on-site diagnostic investigations, such as the thermal transmittance,
solar heat gain coefficient, and window-to-wall ratio, were almost impossible to obtain.
Thus, the main material, insulation type, and thickness of exterior walls, in addition to the
window–wall ratio, were surveyed based on the judgment of the investigator. Furthermore,
it was impossible to consider all the changes in the schedule of cooling/heating operations
and occupancy. Therefore, information that is distinct and relatively easy to obtain, such as
the average heating/cooling set temperature, was primarily composed.

Similarly, as it was difficult to survey the detailed medical area of each individual
building, the ratio of the medical area compared to the total floor area was surveyed. The
ratio of each department, such as the outpatient department and ward department, was
also investigated. Finally, the items such as the number of beds, which was directly related
to the size of the hospital, as well as the number of medical equipment and operating
rooms, which consumed a large amount of energy, were included.

After the survey items were determined, the sample size was required to be defined.
Although it is ideal for surveying the entire population, the time and manpower required
for such a task are very high. Therefore, the sample size that can effectively represent
the population was required to be determined. The sampling methods used in domestic
and overseas surveys were examined to determine a method for extracting samples that
represented the entire population. Table 3 summarizes the sample design methods in the
published cases.
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Table 2. Survey items and the utilization of each item.

Category Survey Item 1 2 3 4 5 6 7 8

Hospital
information

General
information

Name, Address • • • • • • • •

Heating/cooling degree days • • • •

Built/opening year • • •

Hospital type (public/private) • • •

Survey respondents’ information • • •

Building management method •

Number of buildings in institutions • • • •

Total floor area/Total floor area above the ground • • • • • • • •

Retrofit Retrofit history •

Business
activity

Operation

Number of beds (licensed, staffed) • • • • •

Bed operation rate •

Number of operating rooms • • •

Occupancy

Total number of staff • • • •

Total number of inpatients (or) outpatients • • •

Number of regular/temporary workers • • • •

Equipment for
business activity Number of medical equipment (e.g., MRI and CT.) • • •

Features of
individual
building

Basic information

Name of each building • • • •

Building geometry •

Building orientation •

Building height • •

Floors above the ground, basement floors, total floors • • • •

Area

Total floor area • • • • •

Ratio of medical area • •

Space ratio for medical service • •

Parking area in building • •

Envelope
Window-to-wall ratio (WWR)

Exterior wall/roof/windows thermal transmittance •

Equipment

Heating
and

cooling
production

System Main heating/cooling system • •

Source Main heating/cooling energy source • • •

System control
Operating days of heating/cooling system •

Operating times of heating/cooling system •

Heating/cooling set temperature •

Automatic control BAS (Building Automation System) and EMCS
(Energy Management Control System) information • •

Emergency power
system

Emergency power system
(UPS capacity, emergency generator) •

HVAC Type of HVAC system • •

Hot water Hot water system

Transport Elevator, escalator etc. • •

Lighting Application rate of LED in buildings • •

Lighting control methods •

Energy
consumption

Metering Metering methods (each building or whole building) • • •

Utility bills Monthly or annual energy consumption • • • • • • • •



Buildings 2023, 13, 12 6 of 25

Table 3. Sampling methods in surveys or systems by country.

Country Name Population Sample List Sample Design Stratification
Variables Distribution

U.S.

Commercial
Building

Energy Survey
(CBECS)

[22]

Commercial
buildings

List of
commercial

buildings in the
CBECS survey

area

Stratified
sampling

Area
Administrative

district
Number of
commercial

buildings in the
block

Probability
proportional to

size
(PPS)

England
Display Energy

Certificate
(DEC) [20,21]

Non-residential
buildings

DEC database,
CaRB2

model—UCL,
etc.

Detailed use
and total floor

area
PPS

Korea

Energy
Consumption

Survey
[36]

Nationwide
buildings

Census on
establishments
and population
housing census.

Subdivision of
businesses to

small and
medium sizes

and the number
of employees

Compromised
allocation

The results from the examination of the overseas cases showed that the measurements
were divided into layers based on similarity so that the variations in the population could
be reflected for objective sampling. Moreover, the cases generally applied the proportional
stratified sampling (PPS) method that extracted samples in proportion to the number of
measurements in each layer. Stratified sampling facilitated the construction of a sample
group that represented the population, and the selection of stratification variables to divide
layers was important [37]. The application of stratified sampling allowed random sampling
for a homogeneous group in the same layer and decreased the overall sampling error and
increased representativeness due to the combination of the samples extracted from each
layer. Briefly, important groups could be included in samples, and it was easy to analyze the
characteristics of the samples because the characteristics of each layer could be estimated
and compared.

2.2. Benchmark Development Method

Benchmark is an index used for fair energy performance assessment. To identify the
aspects of building activity that are significant drivers of energy use and normalize these
factors, statistical analysis of the peer building population is usually performed. To develop
a benchmark, it is necessary to consider the assessment item (e.g., CO2 and primary energy),
normalization variables, methods, etc.

Benchmarks can be developed based on bills or monitored energy consumption and
building information. Bill-based energy consumption data generally consists of electricity,
gas, and district heating. On the other hand, end-use energy consumption data such as
heating and cooling can be obtained through monitoring data. It is possible to identify
the physical information of buildings in detail. Hospital Energy Benchmarking Guidance
of Lawrence Berkeley National Laboratory (LBNL) [38] and Healthcare Energy End-Use
Monitoring of National Renewable Energy Laboratory (NREL) [39] are cases of energy
benchmark development by analyzing the end-use energy consumption.

In this study, benchmark development considerations were analyzed for the operating
policy systems that actually developed the benchmarks for energy performance assessment,
disclosure, and certification at the national level using utility bill data. Table 4 summarizes
the cases of benchmark development by country.
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Table 4. Benchmark development method by countries.

Category UK Ireland Sweden USA Australia

System
Overview

System name DEC [20] DEC [21] Energideklaration
[23]

Energy Star
[9,10] CBD [24]

Implementation
entity

Department of
Energy and

Climate Change

Sustainable
Energy

Authority of
Ireland

Ministry of
Enterprise,
Ministry of

Environment

Environment
Protection

Agency

Department of
Resources,

Energy and
Tourism

Target Building
Building type Existing/public Existing/public New/existing Existing Existing

Building use Non-residential Non-residential Residential/non-
residential

Residential/non-
residential Commercial

Benchmark
development

method

Assessment
item CO2 emissions Primary energy

consumption

Final energy
consumption
(before 2019),

primary energy
consumption
(from January

2019)

Primary energy
consumption CO2 emissions

Indicator type
(calculation

method)

Statistics
(median by

building use)

Statistics
(median by

building use)

Absolute value
(based on new

buildings)

Statistics
(predicted

primary energy
consumption)

Statistics
(average by

building use)

Normalization
variable

Heating degree
days,

operating time

Heating degree
days,

operating time

Climate (51
classifications)

Cooling/heating
degree days,

business
activity-related

variables

Climate,
operating time,
total floor area,

equipment
density

Normalization
method

Calibration
formula

Calibration
formula

Calibration
factor

Regression
equation

(regression
coefficient)

Calibration
factor

Normalization
target Benchmark Benchmark Actual energy

consumption Benchmark
Benchmark and

actual energy
consumption

The Display Energy Certificate (DEC) [20,21] of the UK and Ireland was an energy
consumption certification system implemented for existing public buildings. In the case of
DEC in the UK, CO2 emissions from a target building were compared with the standard
CO2 emissions that represented the general level for each building with the purpose of
assigning seven grades from A to G. In Ireland, 15 grades from A1 to G were assigned using
the primary energy consumption. For the standard CO2 emissions and primary energy
consumption used as benchmarks, the CIBSE TM46 Energy Benchmarks were used. These
are the standards for the electricity, thermal energy consumption, and CO2 emissions of 29
building purposes presented by the Chartered Institution of Building Services Engineers
(CIBSE) [40]. The benchmarks corresponded to the median values of CO2 emissions and
primary energy consumption for each purpose when the standard operating time was
applied according to the building purpose under a balance point temperature of 15.5 ◦C
and 2021 days. During the energy performance assessment, when the climate or operating
time of the target building was different from the standard condition, the benchmark value
was calibrated through a calibration formula, and a grade was assigned after comparing
the actual CO2 emissions and primary energy consumption with the calibrated benchmark.

Sweden’s Energideklaration [23], a part of the Energy Declaration Act introduced by
the Ministry of Enterprise and the Ministry of Environment in 2006 to improve energy use
and the environment, used a building energy performance assessment system to disclose
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the energy performance information of buildings when they were sold or rented. The
benchmark used the energy consumption level of new buildings required by the Swedish
Building Code and assigned seven grades from A to G according to the energy performance
(EP), which represented the energy consumption level compared to the benchmark.

The Energy Star of the United States [9,10], an energy performance assessment and
benchmarking system based on the results of surveys on the status of energy use, such as the
Building Energy Consumption Survey (CBECS) [22], has been performed using the Energy
Star Portfolio Manager (ESPM). The ESPM is an assessment method and benchmarking
program developed by the EPA, a federal government agency. It operated in a way that
each local government established and implemented specific policy details, such as whether
it was mandatory, implementation targets, the verification method and target, sanctions
in case of non-compliance, and incentives. In many cities, including New York, Chicago,
and Philadelphia, an energy performance assessment was mandatory for residential and
commercial buildings above a certain scale, and the Energy Star assessment results were
applied to them. The benchmark used a regression equation that calculated the generally
used source energy consumption according to the heating/cooling degree days, operation
for each building purpose, or business activities that referred to occupancy characteristics.
As the characteristic information of each individual building was entered into the equation
during energy performance assessments, different benchmark values were obtained for
each building. The energy efficiency ratio (EER) was calculated by comparing that value
with the actual source energy.

The Department of Resources, Energy and Tourism of Australia enacted the Building
Energy Efficiency Disclosure Act 2010 as a policy to improve the energy efficiency of
commercial buildings and has used the CBD program [24]. CBD is a benchmarking and
assessment program to improve national energy efficiency. The benchmark calculates CO2
emissions based on the energy consumption billing data of all buildings by the purpose for
12 months. The average value of the benchmark factor (BF), representing the adjusted CO2
emissions when the conditions of 50-h operation per week by region and an equipment
density of 8 W/m2 were set as standards, was used. For the energy performance assessment,
NABERS Star Rating was assigned based on the comparison results between the BF of
individual buildings and the benchmark. Three stars were then assigned to average-level
buildings and five stars to excellent buildings.

3. Hospital Survey and Analysis

In Section 2, survey items, sampling methods, and benchmark development con-
siderations of the existing benchmarking systems were analyzed. Regarding the survey
items, it was found that not only basic building information of general hospitals but also
business activity information was collected and used for energy use characteristics analysis.
Sampling was generally found to extract the characteristics of the population evenly using
the PPS method. In addition, by analyzing various benchmark development cases, it was
confirmed that benchmark development considering the assessment item, indicator type,
and normalization variable and method was necessary. In Section 3, the survey design was
performed with the survey items and sampling method of the Korean General Hospital
based on the contents of Section 2, and a benchmark was developed based on benchmark
considerations.

3.1. Survey Design

To obtain business activity items and develop benchmarks for energy performance
assessment of hospitals, survey items, sampling, and survey methods were established
based on the existing benchmarking systems, and surveys were conducted on hospitals
in Korea.
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3.1.1. Survey Items

As this study analyzes energy use characteristics based on business activities in build-
ings using survey items and develops an energy performance benchmark, it is necessary to
set survey items focusing on the factors related to business activities that may influence
energy use. In addition, survey items must be set so that the survey can be easily conducted
with the cooperation of the target hospitals. Accordingly, based on the survey items used
for domestic and overseas general hospitals, a preliminary survey was conducted for some
sample hospitals to enable efficient information collection from several hospitals. The final
survey items were selected as presented in Table 5 based on the frequency of utilization of
each survey item in the cases of different countries analyzed in Section 2.1 and the results
of the preliminary survey.

Table 5. Established survey items in this study.

Category Sub-Category Survey Item Unit

Part 1
Total hospital

General information

Hospital name -
Address of hospital -

Survey respondents’ information -
Number of buildings in institutions

(hospital) -

Total floor area (TFA) m2

TFA above the ground m2

Building use period (year) Years
Building management method -

Retrofit Retrofit history -

Business activity

Number of workers (staff) -
Total number of inpatients per year -

Total number of outpatients per year -
Total number of emergency patients per year -

M&E
information

Number of operating rooms -
Number of MRI -
Number of CT -

Number of X-ray -
Number of PET -

Number of licensed beds -
Number of staffed beds -

Bed operation rate %

Part 2
Operating department

General information

Area by operating department
(e.g., outpatient department and inpatient

department.)
m2

Area ratio to total floor area %

Equipment operation

Set-point temperature by operating
department

◦C

Heating/cooling days by operating
department Days/year

Heating/cooling times by operating
department h/day

Part 3
Individual building

Building
Exterior wall thermal transmittance W/m2K

Roof thermal transmittance W/m2K
Windows thermal transmittance W/m2K

Equipment

Main heating/cooling system -
Main heating/cooling source -

Hot water source -
HVAC system -

Number of elevators -
Application rate of LED in buildings %
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Survey items were divided into three parts: the entire hospital part that collects
information related to business activities that are utilized in the analysis of energy use
characteristics; the survey part for each operating department, such as outpatient and
ward departments; and the individual building survey part that collects information on the
performance of buildings.

The survey items for the entire hospital included general hospital information, retrofit
history, occupancy information related to workers and patients, number of beds and
operating rooms directly related to the operation, and number of medical devices. For
the information on occupancy characteristics, the survey item was changed to the number
of total workers during the preliminary survey. The number of emergency patients or
the number of outpatients was also changed to the number of inpatients/outpatients per
year, which can be surveyed. For the operating department, as the equipment operation
method varied depending on the department, the items related to the proportion of the
department area compared to the total hospital and heating/cooling operation were set as
survey items. The operating department area was divided according to the 8-h and 24-h
operations; however, the survey item was adjusted so that the area could be recorded based
on the operation purpose because a clear distinction between operating departments was
impossible during the preliminary survey. The survey items for individual buildings were
set to assess the envelope and equipment characteristics of each building. The insulation
standards for windows, roofs, and walls were adjusted to follow legal standards in the
absence of information on insulation materials. Building geometry and orientation were
excluded from survey items in the preliminary survey.

3.1.2. Sampling

First, the list of hospitals in the Korean Hospital Association (KHA) [41] that contained
information on all general hospitals in Korea was examined for sampling. As of 2018, which
was the time of sampling in this study, 338 hospitals that corresponded to general hospitals
with more than 100 beds were set as the initial population. Fifteen large general hospitals
with more than 1000 beds were excluded from the surveys due to the high proportion of
facilities other than medical spaces, such as dormitories and research facilities. Finally,
323 general hospitals were set as the population.

Next, stratified sampling was performed. Information on the area and number of beds
for each hospital, which was associated with energy use characteristics, was collected to
apply the proportional stratified sampling methods to the population of the 323 general
hospitals. The total floor area and the number of beds, which could represent the scale of a
general hospital, were closely associated with energy use. However, as shown in Figure 1,
there was a strong relationship between them, and the representativeness of each group
decreased when both items were set as stratification variables because the frequency of
data for each layer decreased. Therefore, in this study, the “number of beds”, which was
related to the business activities of general hospitals, was set as a stratification variable to
reflect the variations in energy use characteristics.

For proportional sampling by class, the sample size was set for 323 hospitals. As the
sample size increased compared to the population, the representativeness of the samples
increased. However, when the sample size was extremely large, the survey efficiency
decreased. Therefore, to calculate the appropriate sample size, the minimum sample size
was calculated using the following sampling error formula [42,43].

Sample Size =

(
z2×p(1−p)

e2

)
1 +

(
z2×p(1−p)

e2×N

) (1)

In this formula, N is the size of the population, e is the error bound, and z is the
standard score obtained by dividing the deviation by the standard deviation. A confidence
level of 90% and a sampling error of <10% were applied to the size of the population (323
hospitals). In this study, z was set to 1.65, which corresponds to a confidence level of 90%,
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and the error bound, e, was set to 0.1, which corresponds to the sampling error standard.
The p-value was set to 0.1 based on a confidence level of 0.9. The calculation results showed
that the minimum required sample size was 56 hospitals. Thus, the sample size was set to
100 hospitals, which was approximately twice as large as the minimum sample size. The
sample size of each class was then set by multiplying the ratio of each class in terms of the
number of beds by 100. Finally, based on 100 beds, a total of nine classes were divided for
stratified sampling, as presented in Table 6.
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Figure 1. Relationship between the number of licensed beds and total floor area.

Table 6. Population by class for stratified sampling.

Class 100–200 200–300 300–400 400–500 500–600 600–700 700–800 800–900 900–1000 Total

Population 40 133 33 36 24 16 13 20 8 323

Percentage (%) 12 41 10 11 7 5 4 6 2 100

3.1.3. Survey Method

For the efficient and reliable collection of information on survey items, a preliminary
survey and an on-site survey were conducted. In the preliminary survey, public infor-
mation, such as building ledgers and hospital websites, was examined, and information
that could be obtained from hospitals was collected. A questionnaire was distributed to
hospital facility managers, and they were requested to fill in the possible information. The
questionnaire was collected after two weeks. Data on drawings, equipment lists, and energy
bills were collected with the questionnaire. Based on the collected questionnaire and the
data provided by hospitals, an expert investigator examined the information about the area
or equipment type. The investigator examined the information filled in the questionnaire
and filled in additional information. The errors or changes in the information were verified
and corrected through an interview with the person in charge during the on-site survey
stage. Information on items that were difficult to acquire was collected during the on-site
survey stage through interviews or on-site examinations.

3.2. Survey Result Analysis and Energy Use Key Factors in Survey Result

The survey was conducted for approximately three months to collect information
suitable for the designed sample size. The survey was conducted by giving priorities
within the 100 candidate hospitals considering the accessibility to the site, survey efficiency,
and cooperation from the hospital. Finally, 54 general hospitals responded to the survey.
Among them, six hospitals were excluded from the final samples due to the lack of energy
data, dropout, and data errors. Thus, information on 48 general hospitals was collected.
The final sample size of 48 samples is smaller than the minimum required sample size
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number of 56. However, these 48 samples can satisfy a confidence level of about 87% and a
sample error of less than 10%. Table 7 presents the surveyed number of samples for the 100
survey candidates.

Table 7. Surveyed number of samples for the 100 survey candidates by class.

Class 100–200 200–300 300–400 400–500 500–600 600–700 700–800 800–900 900–1000 Total

Population 40 133 33 36 24 16 13 20 8 323

Minimum required sample
size 7 23 6 6 4 3 2 3 1 56

Planned sample 12 41 10 11 7 5 4 6 2 100

Surveyed sample 7 23 4 5 2 3 0 2 2 48

Before developing a benchmark, a single regression analysis of continuous variables
among the survey items and the mean analysis by the group for discrete variables were
conducted to derive major key factors that were related to the basic statistical analysis and
energy consumption of the surveyed items. The R statistics software (version 3.6.1) [44]
was used for the statistical analysis. Table 8 presents the results of the single regression
analysis, and Table 9 presents the results of analyzing the average energy consumption
according to the characteristics of the discrete variables.

Table 8. Results of the single regression analysis.

Category Independent
Variables

Freq. Mean

Average by
Number of Beds Dependent Variable

100–300
Beds

300–500
Beds

Over
500

Beds

Total Energy
Consumption per

Year (MWh)

Total Energy
Consumption per
Total Floor Area

(kWh/m2)

n= 30 n = 9 n = 9 Coeff. R2 Coeff. R2

General
information

Building use period
(year) 48 21.1 20.8 25.4 17.7 −98.8 0.016 2.37 0.040

Total floor area (m2) 48 28,569 14,783 32,789 70,301 0.343
***

0.850
*** −0.001 0.018

Total floor area per
licensed bed (m2/bed) 48 74.0 66.6 78.5 93.9 180.6

***
0.284

*** −0.968 0.036

Number of licensed
beds (bed) 48 360.2 225.8 421.3 747.0 36.0 *** 0.699

*** −0.074 0.013

Number of staffed
beds (bed) 47 346.0 210.6 408.0 735.9 35.9 *** 0.716

*** −0.061 0.009

Bed operation rate (%) 48 83.3 82.7 83.1 85.8 78.5 0.006 −3.11 0.041

M&E
information

Application rate of
LED in buildings (%) 48 52.4 53.8 53.2 47.1 −5801 0.031 −16.4 0.001

Number of elevator
(Unit) 48 8.2 5.2 10.2 16.3 1377 *** 0.782

*** −1.02 0.002

Architectural
information

Number of buildings
in hospital 48 2.4 1.8 3.4 3.6 2500 *** 0.249

*** −0.000 0.005

Roof thermal
transmittance

(W/m2K)
48 0.4 0.3 0.4 0.3 −3120 0.001 343.5 0.064

Exterior wall thermal
transmittance

(W/m2K)
48 0.5 0.5 0.5 0.5 2870 0.000 97.1 0.003

Windows thermal
transmittance

(W/m2K)
48 2.8 2.6 2.4 3.8 8610 0.288 1.8 0.000
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Table 8. Cont.

Category Independent
Variables

Freq. Mean

Average by
Number of Beds Dependent Variable

100–300
Beds

300–500
Beds

Over
500

Beds

Total Energy
Consumption per

Year (MWh)

Total Energy
Consumption per
Total Floor Area

(kWh/m2)

n= 30 n = 9 n = 9 Coeff. R2 Coeff. R2

Operating
information

Total number of staff 48 660.9 358.2 794.7 1536 14.7 *** 0.670
*** −0.004 0.000

Total number of
emergency room
patients per year

48 21,945 15,183 25,741 40,687 0.350
***

0.347
*** 0.000 0.000

Total number of
outpatients per year 48 342,016 198,733 366,074 795,566 0.026

***
0.645

*** −0.000 0.013

Total number of
inpatients per year 48 86,552 42,786 88,468 230,521 0.061

***
0.398

*** −0.000 0.001

Number of operating
rooms 48 6.5 4.3 6.4 14 1649 *** 0.624

*** 1.92 0.004

Number of MRI 48 1.6 1.2 1.7 2.7 8125 *** 0.504
*** 22.6 0.017

Number of CT 48 1.8 1.2 2.6 3.2 4586 *** 0.347
*** −11.6 0.010

Number of X-ray 48 7.6 4.7 11.9 13.1 585 ** 0.191 ** 0.377 0.000

Energy
consumption

Total energy
consumption per year

(MWh)
48 9800 4912 11,714 24,178 - - 0.003 0.035

Total energy
consumption per total

floor area
(kWh/m2)

48 359.4 365.3 356.4 343.0 12.4 0.035 - -

Total energy
consumption per

licensed bed
(kWh/bed)

48 25,851 32,834 28,382 31,998 0.437
***

0.333
*** - -

Total energy
consumption per

staffed bed
(kWh/bed)

47 27,506 23,407 27,852 32,484 0.370
***

0.257
*** - -

p < 0.5, ** p < 0.01, *** p < 0.001.

To derive variables that are highly related to energy use, the hospital information
was set as an independent variable. The total energy consumption and the energy use
intensity (EUI) were obtained by dividing the total energy consumption by the total floor
area as dependent variables, and then a single regression analysis was conducted. The total
energy consumption was an indicator that could also evaluate the influence of the scale of
the general hospital, and EUI, that is, the “energy consumption per unit area (kWh/m2)”
enabled the analysis, excluding the influence of the scale. The total energy consumption
included the final annual energy, such as the electricity, city gas, and district heating used
in each hospital. Considering environmental impacts, such as carbon emissions, analysis
by converting to primary energy could be favorable. However, in Korea, the current energy
consumption-based assessment is not active; thus, general energy consumers have a higher
understanding of final energy consumption directly used in buildings than primary energy
consumption. Therefore, the final energy was used because it could be intuitively evaluated
by hospital stakeholders. EUI was calculated by dividing the total energy consumption by
the total floor area.
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Table 9. Results of the average energy consumption by the characteristics of discrete variables.

Category Variable Type Freq. Ratio Average
of EUI * Category Variable Type Freq. Ratio Average

of EUI

General
information

Hospital
type

Private 40 83% 343.1

M&E
information

HVAC
system

Central 26 54% 370.3

Public 8 17% 441.0 Individual 13 27% 345.9

Total 48 100% - Mixed 5 10% 337.0

Hospital
size

Under 300
beds 30 63% 356.5 No AHU 4 8% 361.0

Over 300
beds 18 38% 364.3 Total 48 100% -

Total 48 100% -

Main
heating
source

Gas
(LNG) 29 60% 363.5

M&E
information

Main
heating
system

Absorption
chiller–
heater

18 38% 368.4

Electricity 13 27% 369.1

District
heating 5 10% 316.7

Steam
boiler 11 23% 370.3 LPG 1 2% 329.4

EHP 8 17% 342.7 Total 48 100% -

District
heating 5 10% 316.7

Main
cooling
source

Gas
(LNG) 25 52% 357.3

Others 6 13% 370.3 Electricity 22 46% 369.1

Total 48 100% - District
heating 1 2% 200.1

Main
cooling
system

Absorption
chiller–
heater

19 40% 373.5

Total 48 100% -

Hot water
source

Gas
(LNG) 38 79% 365.0

Absorption
chiller 11 23% 352.7

Electricity 5 10% 364.1

District
heating 4 8% 308.3

EHP 11 23% 340.3 LPG 1 2% 329.4

Others 7 15% 361.8
Total 48 100% -

Total 48 100% -

* Average total energy consumption per total floor area (kWh/m2).

The items that had a significant relationship with the total energy consumption were
summarized below in descending order of the coefficient of determination. The variables
that represent the scale of medical facilities, such as the “total floor area”, “number of
licensed beds”, and “number of staffed beds”, exhibited a close relationship with the “total
energy consumption.”

- Total floor area (m2), R2 = 0.850
- Number of elevators (Unit), R2 = 0.782
- Number of staffed beds (bed), R2 = 0.716
- Number of licensed beds (bed), R2 = 0.699
- Total number of outpatients per year, R2 = 0.645
- Total number of staff, R2 = 0.670
- Number of operating rooms, R2 = 0.624
- Number of MRI, R2 = 0.504
- Total number of inpatients per year, R2 = 0.398
- Number of CT, R2 = 0.347
- Total number of emergency room patients per year, R2 = 0.347
- Total floor area per licensed bed (m2/bed), R2 = 0.284
- Number of buildings in hospital, R2 = 0.249
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- Number of X-rays, R2 = 0.191

Among the variables, “total floor area” had the highest explanatory power, exhibiting
85% of explanatory power for the “total energy consumption”. Evidently, the energy
consumption increased by 343 MWh whenever the total floor area increased by 1000 m2.
When single regression analysis was conducted using each variable as an independent
variable and the “energy consumption per total floor area” as a dependent variable, the
influence of each survey item on the “energy consumption per total floor area” was found
to be insignificant. This implies that the explanatory power of other variables is low when
the influence of the “total floor area”, which exhibits high explanatory power for the “total
energy consumption”, is excluded.

Table 9 presents the analysis results for the discrete variables. It presents the results
of analyzing the ratio of each survey item and the difference in the average value for
energy consumption per total floor area. For the analysis items of the discrete variables,
(1) the operating entity, (2) number of beds, (3) air-conditioning method, (4) main heat-
ing/cooling heat source, and (5) main heating/cooling and hot water supply fuel were
selected. Although the number of beds was a continuous variable, classes were divided to
determine whether there was a significant difference in energy use, which was the level
that increased the number of treatment subjects, enabled the installation of intensive care
units, and increased the severity of medical practices. ANOVA was conducted to analyze
statistically significant differences depending on the groups of the discrete variables. The
results showed that there was no significant difference in the energy consumption of all
discrete variables at a significance level of 95%. This is likely because the operating entity
or the number of beds was divided according to the main operating entity, heat source,
and fuel rather than being divided into groups, rendering it difficult to divide energy
use characteristics. There was also no significant difference in energy use characteristics
because the degree of the increase in the number of treatment subjects or the severity of
medical practices varied with the hospital.

4. Benchmark Development and Improvement
4.1. Benchmark Development

Table 10 presents the analysis procedure and contents of multiple regression analysis.

Table 10. Multiple regression analysis process using business activity data of hospital.

Step Contents

1 Independent
variable

Heating/cooling
degree days,
number of
buildings,

total floor area,
area for floor area
ratio calculation

Number of operating
rooms,

number of beds
(licensed and

operating),
number of workers **

Number of emergency
patients per year **,

number of outpatients
per year **, number of
inpatients per year **,

bed operation rate

Number of MRI *,
number of PT *,

number of PET *,
number of X-rays *,
number of imaging

devices *

2 Dependent
variable Final energy consumption (total amount in 2017, MWh)

3
Multiple regression analysis (step input, N = 48): Considering independent variable

collinearity/significance judgment (statistical examination) and whether the model is understood
by hospital stakeholders

4 R2 examination R2 = 0.86 (86%)

5 Model derivation

Predicted energy (MWh)
= 13.187 (V1 − 346) + 770.862 (V2 − 6.5) + 1665.844 (V3 − 1.8) + 10,033.81

V1: Number of staffed beds
V2: Number of operating rooms

V3: Number of CT

* Total numbers, per area, per bed, ** Total numbers, per area, per bed, per worker.
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Items are primarily representing the area information, operation information, and
occupancy information among the key factors derived above, excluding the building
performance information for energy performance improvement, which was utilized as
independent variables for developing a benchmark model. Therefore, among the main
influencing variables derived through a single regression analysis in Section 3.2, the total
floor area was used as representative area information, and the number of elevators was
excluded. In addition, hospital operation-related variables selected as influence variables
in the single regression analysis were selected as input variables. For the independent
variables, the information obtained by combining the characteristics of variables or by
processing the characteristics of variables, such as the number of beds per unit area, was
additionally examined rather than examining only the surveyed individual items. In
addition, based on the distribution characteristics of the variables, the variables obtained by
adjusting the variance of the survey items, such as natural logarithms, were examined. The
total energy consumption (MWh) that exhibited the highest explanatory power through
single regression analysis with the survey items was selected as a dependent variable.
As the purpose of this study was to provide information to the stakeholders of general
hospitals, the final energy consumption was used as a dependent variable.

For the multiple regression analysis, the least squares regression of the independent
variables was applied for the dependent variable. The step-wise method was applied for
the input variables [45]. This method involved deriving a model that could best explain
the dependent variable, and variables that could significantly improve the explanatory
power among the entered independent variables were added to the regression model one
by one. The entry of a variable was terminated when the dependent variable could no
longer be explained by the input variable. Figure 2 shows the process of deriving a multiple
regression equation using the step-wise method.
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In addition to the statistical analysis of the dependent variable collinearity and signifi-
cance of multiple regression analysis, the suitability of the derived model was examined for
hospital stakeholders, and a benchmark according to the number of staffed beds, number
of operating rooms, and number of CT was derived at the level of R2 0.86.

The independent variables were adjusted by centering relative to the mean [46,47].
The adjustment method involves subtraction of the mean value of the variable from the
true value of each independent variable. This is expressed as a negative constant value
after the variable used in Step 5 of Table 10.
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For example, if the number of staffed beds is 400, the adjusted number is 54 (400−346 =
54). The difference between the values of the actual independent variable and the adjusted
values is the intercept (constant value). The coefficients in the regression equation are the
same. Using the adjusted values of the independent variables, the intercept is made equal
to the mean value of final energy consumption (MWh) in the population. That is, adjusting
the true values of the independent variable to the mean is useful in that the intercept of the
regression equation can be adjusted to the mean value of the population.

The number of staffed beds indicated the scale of the medical service of the hospital.
The number of operating rooms represented a medical practice that intensively used energy,
such as performing checkups using medical devices from the preparation process. An
increase in the number of operating rooms indicated that there were many surgeries or
large-scale operations. CT was likely introduced as a significant variable as it used standby
power for 24 h and a large amount of energy for imaging.

4.2. Improvement of the Benchmark Model through Test Data

The pilot assessment of energy performance was conducted using the developed
benchmark to examine whether the derived benchmark model appropriately reflected the
tendency of the population and to improve and upgrade the model for comprehensive
energy performance assessment. Pilot assessment targets were collected for more than a
month through publicity in the hospital association and medical journals. Table 11 presents
general hospital samples for the development of the existing benchmark and the frequency
of additional pilot assessment target hospitals.

Table 11. Number of surveyed and pilot assessment hospital samples by licensed bed group.

Class 100–200 200–300 300–400 400–500 500–600 600–700 700–800 800–900 900–1000 Total

Population 40 133 33 36 24 16 13 20 8 323

Surveyed sample 7 23 4 5 2 3 0 2 2 48

Pilot assessment 3 13 (4) * 4 (1) * 5 (1) * 4 (1) * 3 3 6 0 41 (7) *

Surveyed + pilot
assessment 10 32 7 9 5 6 3 8 2 82

(*) Number of hospitals that participated in the survey for the development of the existing benchmark among the
pilot assessment targets.

The benchmark should perform an objective assessment even when the year of energy
use changes or the information of a hospital other than the samples is entered. Hence, the
pilot assessment was conducted in 2019, a year after the development of the benchmark
model. The energy consumption data for two years from 2017 to 2018, when the existing
benchmark model had been developed, were collected. For survey items for the hospital
information, only major key factors and basic heat source and fuel data were collected
among the existing survey items considering the efficiency of the survey. In this study, as
both the operation and occupancy information varied with the year, the information in
2017 and 2018 were collected.

To validate the benchmark based on the collected information, EER was calculated
and examined for the existing surveyed samples and the pilot assessment targets using
the benchmark model. EER assesses whether energy is efficiently used by comparing the
energy consumption expected under the operating conditions as reflected in the benchmark
model with the actual energy consumption as shown in the following equation:

Energy Efficiency Ratio (EER) =
Actual energy consumption

Expected energy consumption (Using benchmark model)
(2)

When EER is <1 and closer to zero, it implies that less energy was used compared to the
expected energy. When EER is >1, it indicates that more energy was used than the expected
energy. An EER value closer to 1 can be considered a general energy consumption level.
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The benchmark model was validated by performing a field survey on hospitals that ex-
hibited similar EUI results but different EER assessment results among the pilot assessment.
Figure 3 compares the EUI and EER assessment results between the surveyed samples and
the pilot assessment targets in 2017 and 2018.

Buildings 2022, 12, x FOR PEER REVIEW 22 of 30 
 

When EER is <1 and closer to zero, it implies that less energy was used compared to 
the expected energy. When EER is >1, it indicates that more energy was used than the 
expected energy. An EER value closer to 1 can be considered a general energy consump-
tion level.  

The benchmark model was validated by performing a field survey on hospitals that 
exhibited similar EUI results but different EER assessment results among the pilot assess-
ment. Figure 3 compares the EUI and EER assessment results between the surveyed sam-
ples and the pilot assessment targets in 2017 and 2018. 

 
Figure 3. EUI and EER comparison of survey and pilot assessment hospitals. The A–D area was 
classified based on the hospital’s average EUI and EER 1 point.  

EUI (kWh/m2) is generally used to assess the energy performance of a building. For 
new buildings with standard business activities (operation and occupancy characteris-
tics), energy performance assessment using EUI is possible. However, in the case of exist-
ing buildings, the assessment of energy consumption that reflected various business ac-
tivities cannot be considered an objective assessment.  

Assuming that the assessment was performed only based on EUI, hospitals that cor-
responded to areas B and C in Figure 3 could be evaluated as inefficient buildings because 
their EUI values were higher than the mean EUI. However, hospitals in areas A and C 
could be evaluated as energy-efficient buildings considering that EER was <1, whereas 
hospitals in areas B and D corresponded to buildings with high energy consumption rates 
because the EER was >1. 

To validate the developed energy performance benchmark model, several energy-
efficient hospitals were selected based on the EER evaluation results in 2017 and 2018, and 
whether they have any distinct common features in terms of business activities compared 
to the hospitals that used energy inefficiently was investigated. Briefly, factors that may 
hinder objectivity in terms of energy performance assessment were examined. For hospi-
tals with high energy efficiency, those in the top 15% in terms of EER that have EUI values 
lower than the mean value both in 2017 and 2018 were selected below in Table 12. 

Table 12. Business activities and EUI and EER information of field survey hospital. 

Hospital Name Number of 
Staffed Beds 

Number of  
Operating Rooms 

CT EUI EER 

Hospital A 240  8  3  291 0.44 
Hospital B 394  8  1  306 0.50 
Hospital C 284  7  1  152 0.54 
Hospital D 295  2  1  196 0.48 

0

100

200

300

400

500

600

700

800

0.0 1.0 2.0 3.0 4.0

EU
I (

kW
h/

m
²·a

nn
ua

l)

EER

test data(`18)
test data(`17)
survey data(`17)

Mean = 359.4 

A 

B C 

D 

Figure 3. EUI and EER comparison of survey and pilot assessment hospitals. The A–D area was
classified based on the hospital’s average EUI and EER 1 point.

EUI (kWh/m2) is generally used to assess the energy performance of a building. For
new buildings with standard business activities (operation and occupancy characteristics),
energy performance assessment using EUI is possible. However, in the case of existing
buildings, the assessment of energy consumption that reflected various business activities
cannot be considered an objective assessment.

Assuming that the assessment was performed only based on EUI, hospitals that
corresponded to areas B and C in Figure 3 could be evaluated as inefficient buildings
because their EUI values were higher than the mean EUI. However, hospitals in areas A and
C could be evaluated as energy-efficient buildings considering that EER was <1, whereas
hospitals in areas B and D corresponded to buildings with high energy consumption rates
because the EER was >1.

To validate the developed energy performance benchmark model, several energy-
efficient hospitals were selected based on the EER evaluation results in 2017 and 2018, and
whether they have any distinct common features in terms of business activities compared
to the hospitals that used energy inefficiently was investigated. Briefly, factors that may
hinder objectivity in terms of energy performance assessment were examined. For hospitals
with high energy efficiency, those in the top 15% in terms of EER that have EUI values
lower than the mean value both in 2017 and 2018 were selected below in Table 12.

Table 12. Business activities and EUI and EER information of field survey hospital.

Hospital Name Number of Staffed Beds Number of
Operating Rooms CT EUI EER

Hospital A 240 8 3 291 0.44

Hospital B 394 8 1 306 0.50

Hospital C 284 7 1 152 0.54

Hospital D 295 2 1 196 0.48

Hospital E 333 5 1 312 1.65

Field survey hospitals were selected to be of similar sizes to reduce the uncertainty in
energy use that can arise due to the differences in the size of the building. The field survey
results showed that although hospital A, with the lowest EER, had three CT scanners, the
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operation rate (number of CT scans) was low. Hospital E had the highest EER and only one
CT scanner; however, it had the highest CT operation rate (the largest number of CT scans)
among all the hospitals. This indicates that there may be a risk in evaluating the difference
in energy consumption using the number of equipment alone if the operation rate is not
considered.

Evidently, the same number of CTs were used despite a large difference in scale
(number of beds) in many cases, as shown in Figure 4. However, the number of operating
rooms evidently showed an increasing tendency alongside the increase in the number of
staffed beds, and there was no significant deviation compared to CT. This indicates that
hospitals with a large number of beds could have a high operation rate with a small number
of CT scanners.
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Figure 4. Trend and variance of the number of CT and operating rooms according to the number of
staffed beds.

Based on the energy performance benchmark model, the expected energy consumption
increases by 13 MWh per staffed bed, 771 MWh per operating room, and 1666 MWh per
CT scanner. This means that the increase in each variable is associated with the increase in
the size of the general hospital, which is consequently directly related to the increase in
energy. In other words, as the size of the general hospital increases, the number of staffed
beds increases gradually, and then when the hospital becomes larger than a certain size, the
number of CT scanners increases by one. Therefore, an increase in the number of CT scans
causes a large difference in expected energy consumption. However, this leads to distorted
energy performance assessment if it is difficult to additionally consider the operation rate
confirmed earlier in the field survey. The benchmark model estimates the expected energy
consumption considering the business activities, and thus, the assessment is meaningful
as it can supplement the parts that can be evaluated favorably or unfavorably with the
EUI assessment. However, the model cannot perfectly calibrate the operation, such as the
detailed schedule, because it is a statistical model. Briefly, the benchmark model is required
to use input variables to maximize statistical representativeness and is required to not
reduce representativeness due to excessively large variance. Accordingly, the benchmark
model was revised for the existing survey data, excluding the number of CTs, to perform a
fair assessment for most of the assessment targets, and the results are presented in Table 13.
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Table 13. Comparison of existing benchmark model and modified benchmark model.

Existing Benchmark Model Modified Benchmark Model

Number of observations 48 43

Independent
variables

Number of staffed beds (V1)
Number of operating rooms (V2)

Number of CT (V3)

Number of staffed beds (V1)
Number of operating rooms (V2)

Model
equation

13.187 (V1 − 346) + 770.862 (V2 − 6.5) +
1665.844 (V3 − 1.8) + 10,033.81

31.245 (V1 − 360) + 644.764 (V2 − 7) +
10,621.697

R2 0.86 0.86

Application target Hospitals with more than 100 beds and less
than 1000 beds

Hospitals with more than 150 beds and less
than 1000 beds

For the modified energy performance benchmark model, the influence of the number
of beds increased as an indicator that can represent the hospital scale and the operation
rate, whereas that of the number of operating rooms decreased. This allowed large-scale
hospitals, such as university hospitals, to have lower EER values than before. Briefly, it
appears that the influence of the number of staffed beds, which can reflect the operation
rate, increased. However, the assessment results for the section of 100–150 beds increased
from less than 1 point to more than 1 point. Thus, assessment using the existing model
increased EER because it was difficult to consider the operation rate for large-scale hospitals,
and assessment using the modified model increased the EER of small hospitals because
the equipment used in small hospitals was not sufficiently considered. Apparently, the
characteristics of general hospitals, which were significantly affected by variables related to
beds and medical services, were assessed differently at both extremes of the scale depending
on whether the equipment was included or not.

Based on the distribution of general hospitals by class in terms of the number of
beds, the distribution of the number of hospitals with 100–200 beds showed a small
proportion compared to the number of hospitals with more than 200 beds. Among them, a
significant score change occurred for hospitals with <150 beds. Thus, a direction was set to
exclude hospitals with <150 beds from the assessment targets when the modified model
was applied.

Figure 5 shows the difference in EER assessment results between the existing and
modified benchmark models. When the assessment was performed using the existing
model, EER values with a high outlier level of more than 2 points were observed compared
to the general distribution. However, when an assessment was conducted using the
modified model, the distribution deviation of the EER score decreased.

The reason for the decrease in EER score distribution deviation can be confirmed by
comparing the trend of the expected energy consumption with that of the actual energy
consumption, as shown in Figure 6. The diagonal line corresponds to the case where
the expected energy consumption coincides with the actual energy consumption, and
the results closer to the diagonal line imply that the expected energy consumption was
similar to the actual energy consumption. When the modified benchmark model was
applied, the expected and actual energy consumption of the hospital group with high
energy consumption was closer to the diagonal line than when the existing benchmark
model was applied. This was likely because the influence of the number of staffed beds
was considered more significant for large hospitals with high energy consumption, and the
expected energy consumption was calculated to be higher than before by excluding the
number of CT scans from variable entries.
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Figure 5. EER and EUI relationship according to the benchmark model.
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4.3. Energy Performance Assessment by Applying the Improved Benchmark Model

The EER score was converted into a scale of 1–100 points referred to by the US Energy
Star System. [9,10]. First, as shown in Figure 7, the cumulative distribution of EER that
utilized the modified benchmark model was applied to the previously surveyed 48 general
hospitals, and the optimal gamma curve was identified from the data using the gamma
distribution and minimizing the sum of squares of the differences.
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Figure 7. Gamma distribution of EER for Hospitals.

As the curve is mathematically defined by a specific equation, it is possible to calculate
EER at a given percentage using the curve. Table 14 presents the score conversion look-up
table derived based on the EER calculation results of the survey data.

Table 14. Look-up table based on EER for hospitals.

Score
Cumulative

Percentage (%)
EER

Score
Cumulative

Percentage (%)
EER

≥ < ≥ <

100 0 0.000 0.278 89 11 0.492 0.504
99 1 0.278 0.323 88 12 0.504 0.516
98 2 0.323 0.354 87 13 0.516 0.527
97 3 0.354 0.379 86 14 0.527 0.538
96 4 0.379 0.400 85 15 0.538 0.548
95 5 0.400 0.419 84 16 0.548 0.559
94 6 0.419 0.436 83 17 0.559 0.569
93 7 0.436 0.451 82 18 0.569 0.578
92 8 0.451 0.465 81 19 0.578 0.588
91 9 0.465 0.479 80 20 0.588 0.634
90 10 0.479 0.492 40 60 0.931 0.941

The energy performance scores of general hospitals were calculated based on the
look-up table and compared with EUI, as shown in Figure 8. As EUI increased, the energy
performance score showed a tendency to decrease. When the score was very high, EUI
converged to ~100 kWh/m2. When EUI was higher than ~500 kWh/m2, the performance
score was generally lower than 40 points. However, the energy performance score was
generally evenly distributed according to EUI. Briefly, energy performance assessments
only based on EUI may lead to distorted results that fail to consider operation or occupancy
variables.

Benchmarks can be used to identify buildings with low scores and determine if
energy efficiency needs to be improved. The benchmark developed in this study can
evaluate the energy performance level and identify buildings with problems; however,
additional investigations are required to analyze the causes. Identifying buildings that
require additional investigations is important, and they can be identified based on the
energy performance assessment through the developed benchmark.
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5. Conclusions

In this study, a benchmark was developed to assess the energy performance of hospi-
tals in Korea objectively. A benchmark for calculating the predicted energy of the hospital
was derived using multiple regression analysis, and the benchmark was improved via a
pilot test.

The survey items of business activities and a survey method were established based
on domestic and overseas cases, and benchmark model development and improvement
were performed. First, a sample survey was conducted on a total of 48 hospitals. The
number of staffed beds, which is a representative indicator related to the operating scale
of the hospital, and the number of operating rooms and the number of CT scans, which
are related to the surgical equipment and electricity use of the hospital, were included as
major independent variables. However, via pilot assessment, it was found that the number
of CTs was a factor that could advantageously assess the energy performance of small
hospitals. Therefore, a multiple regression analysis model for the total energy consumption
was established by excluding the number of CTs.

When reassessment was performed using the improved benchmark, the difference
between predicted and actual energy consumption decreased generally. However, in the
case of hospitals with under 150 beds, EER increased rather excessively, likely because the
CTs used in small hospitals were not considered. Therefore, the benchmark for hospitals
with more than 150 beds with significantly reduced errors was derived. These findings
indicate that even statistically reasonable benchmarks need to check actual operational
details. It is necessary to clearly identify what benchmarks can be used as assessment
criteria and to review whether there can be buildings that are undervalued continuously.

This study proposed the need for validation and improvement of benchmarks through
actual building visits rather than simply using statistically meaningful benchmarks. How-
ever, for a fair energy evaluation that can comprehensively consider the size of the hospital,
further research is required that considers the utilization rate for energy-intensive devices.
In addition, it is necessary to review the usability of the surveyed items to derive improve-
ment measures for buildings with poor scores according to the assessment results. To
this end, future research needs to be performed on Asset Rating (AR) to assess energy
performance under standard operating conditions based on the physical performance
information of buildings and to compare it with EER results.
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