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Abstract: The energy consumption of existing buildings is not only affected by their physical features
but also by their business activities (e.g., operating hours, number of workers, and climate). Energy
Star’s energy efficiency ratio (EER) is a key energy performance indicator that has been used for
more than 20 years. This method normalizes operation characteristics by calculating the estimated
energy consumption of business activities using regression models and comparing it with the actual
energy consumption. However, EER-based assessment is limited by the lack of information regarding
the reasons for the evaluation results. This study proposes a balanced method for explaining the
reasons underlying energy efficiency levels while maintaining the existing EER assessment system.
The method constitutes data collection, EPI derivation, and energy performance assessment, utilizing
the parameters of the change-point linear model (CPM) as an additional EPI to provide descriptive
information. The results are summarized to provide a checklist guide for retrofitting, and additional
energy saving potential for buildings with low and high scores can be identified by comparing
the EER scores and CPM parameters. The proposed method shows that it is possible to interpret
the energy efficiency assessment results by comparing CPM parameters, while maintaining the
EER score.

Keywords: change-point linear model; energy efficiency ratio; energy performance indicator; energy
performance assessment

1. Introduction
1.1. Background

With the growing importance of reducing energy consumption and energy consump-
tion assessment in the building sector worldwide [1,2], appropriate energy performance
indicators (EPIs) have been discussed in numerous studies [3-6]. Among the various indi-
cators, energy use intensity (EUI) is the most frequently used indicator in the research and
policy areas. Borgstein et al. introduced the use of EUI to normalize whole-building energy
consumption indicator as a traditional way to perform large-scale building assessments [3].
Geraldi and Ghisi explained that among the various methods for assessing building energy
performance, evaluation through simple normalization is the most commonly used [4].
Chung, Mathew, also mentioned the simple normalization approach, explaining that EUI is
the most generally used method for energy performance assessment [5,6].

The EUI is an indicator normalized by dividing the total energy consumption of a
building with the gross floor area (GFA) [3,4]. EUl is widely used as the major performance
indicator because of its practicality and cost-effectiveness [7].

However, EUI is not useful in determining the need for renovation [6,7], as it encom-
passes business activities (e.g., climate and operating hours) and occupant behavior, as
well as the physical characteristics of the building [8-11]. Hong et al. and O’Brien et al.
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emphasized that occupant characteristics play a significant role in influencing a building’s
energy usage [8,9]. Hsu highlighted the essential need for establishing and disclosing
data to consider various influencing factors beyond merely floor area [10]. Kim et al. also
explained that achieving an objective energy performance evaluation is only possible by
utilizing indicators that account for the operational characteristics of building use [11].
Nevertheless, EUI does not consider normalization for these influences.

To overcome the limitations of EUI, the Energy Star was introduced to normalize
business activities [12,13]. Energy Star is widely used for commercial buildings in the
USA and Canada. Energy Star system normalizes building’s energy use for differences
in building operations by fitting linear regression models between building attributes
and energy use. The regression model is established based on building activity, using a
nationally representative Commercial Building Energy Consumption Survey (CBECS) data
set [14].

For energy performance assessment, different benchmarks are derived for each build-
ing as information on the business activities of individual buildings is entered into equa-
tions. Business activities are normalized by comparing these values with that of the actual
EUI, and the Energy Efficiency Ratio (EER) is calculated. EER is replaced with a score
between 1 and 100 points according to the percentile ranking and used as EPI to provide
evaluation results. In many cities, including New York, Chicago, and Philadelphia, an
energy performance assessment is mandatory for residential and commercial buildings
above a certain scale, and the Energy Star assessment results are applied to them. Many
countries other than the United States have also used the Energy Star method or statistical
analysis to normalize energy used by business activities [15-23].

Although the Energy Star is highly useful to identify the building energy efficiency
level, based on EER evaluation, the cause of high or low energy efficiency cannot be
determined [24]. Consequently, this lack of information is an obstacle to renovation for
green remodeling [25-27].

Therefore, a method providing explanations for buildings with inefficient energy
consumption is required, in addition to the Energy Star score. In numerous studies [28,29],
new evaluation model calculation methods using machine learning (ML) were developed to
overcome the inherent limitations. However, considering that EER has been used for more
than 20 years, there is a need to develop a method that can overcome the aforementioned
limitations, while maintaining EER-based EPI.

1.2. Aims and Scope

This study presents a method for supplementing the EER-based assessment method
by providing descriptive information, along with the energy efficiency assessment results.
The parameters of the theoretically established change-point linear model (CPM) are used
as supplementary EPIs to provide additional analysis information while maintaining the
EER method. The CPM is a widely used method [30] that enables change-point linear
inverse models, based on the energy data and outdoor temperature of the target building
to estimate the parameters related to heating, cooling, and baseload energy [31]. The model
derives two to five parameters, depending on the type of cooling or heating used.

In this study, the general hospitals from which data were collected in a prior study
were selected as the analysis target [11]. The overall research procedure is summarized
in Figure 1. First, business activity, outdoor temperature, and energy data were collected
to derive EER and CPM. Next, EPIs were derived. EPIs constitute the (1) EUI, (2) EER
score, and (3) CPM parameters. For the EER score, among the EPIs, the modified EER
score calculation method used for Korean general hospitals, applying the Energy Star
method of the United States, as used in a previous study [11], was applied. For the CPM
parameters, five parameters estimating the building performance or other causes in relation
to heating, cooling, and the baseload, based on the outdoor temperature and 36-month
energy consumption, were derived as indicators. Details on the calculation of these EPIs are
described in Section 3.2. In the energy performance assessment step, a graph comparing the
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EUI and the EER score, as well as the score and CPM parameters, is created, and the areas
of the graph are separated to derive information for each area. Details on the information
are described in Section 3.3.

s ~

* General hospital in Korea (24 hospitals)

Data collection | * 36-month energy consumption (2016-2018)

* Building features and business activity information
(for calculating ENERGY STAR scores)

~

f Deriving energy | « EUI
performance * EER score (Applying the method of preceding study (Kim et al. 2022)
indicators ) + CPM parameters

A 4
* Assessment framework with stepwise comparison of EUI, EER score,
and CPM parameters

Developing an

energy (Step 1) Comparing between EUI and EER scores: identify low
performance efficiency buildings
assessment (Step 2) Comparing between EER score and CPM parameters: explain
framework

the causes of inefficient buildings

Step 3) Providing information
L ) (Step 3) g

Figure 1. Research procedures. (EER score was calculated by the method of preceding study [11]).

For green remodeling retrofit projects, with the aim of practically reducing the energy
consumption of existing buildings, a method to provide the information, combined with
the assessment result, is required. The proposed energy assessment method can be used to
interpret the energy efficiency assessment results by simply comparing the CPM parameters,
while maintaining the EER score. Considering the enduring institutional practicality of the
EER, the proposed method is noteworthy for its capacity to address this knowledge gap,
without requiring a complete modification of the assessment method.

2. Literature Review on EPIs and Building Energy Performance Assessment

EUl is a practical indicator because it can be easily calculated using the energy bill
(annual energy consumption) and building register information (GFA) [3,4]. However, the
use of EUI as an EPI has certain limitations [32-35]. Yoon and Park introduced the distortion
of interpretation caused by the use of EUI as EPI [32]. For example, they mentioned a
reduction in EU], if the operating hours of the building are short or the indoor temperature
exceeds the appropriate range. Mills et al. noted that using an EUI that aggregates the
quantity of all end uses is somewhat ambiguous and is not helpful to identify opportunities
for more detailed analysis and audits [33]. Wang et al. discussed the limitations of simply
using EUI, without sufficiently considering energy-related factors [34]. They emphasized
that buildings with the same climate or use must be compared, and they identified the
need to consider the characteristics of use and occupancy as factors determining energy
consumption because of their significant influence. Andrews and Jain also explained that
while EUl is superior in regards to simplicity and cost-effectiveness, it assumes that energy
use scales linearly with building size and ignores the impact of non-size features, such as
building systems, construction, and occupancy, on energy use [35].

Because of the need for operation normalization, energy efficiency assessment meth-
ods considering energy use according to operational characteristics were presented in
various studies.

Monts and Blissett discussed the aforementioned limitations of simply using EUI
in commercial buildings and used a simple linear regression model to assess the energy
consumption of commercial buildings [15]. Wei et al. evaluated the energy performance of
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office buildings by developing an assessment model that normalizes year built, building
height, number of floors, GFA, number of people, and operating hours [16]. Dahlan et al.
developed a multiple regression equation using nine variables, such as GFA, the number of
outpatients, and medical devices, to assess the energy efficiency of Malaysian hospitals [17].
Kim et al. also developed a multiple regression equation based on information regarding
business activities, such as the number of staffed beds and number of operating rooms, by
applying the Energy Star method to assess the energy efficiency of Korean hospitals [11].

As a policy utilization case, the UK Department of Energy and Climate Change as-
sessed the energy efficiency of buildings according to resident activities, indoor area, and
building components (e.g., insulation and equipment) using the Display Energy Certifi-
cate (DEC) system [18,19]. Additionally, Energideklaration of Sweden [20], Commercial
Building Disclosure of Australia [21], Verbrauchsausweis of Germany [22], and Building
Energy Efficiency (BEE) Star Rating of India [23] also assessed energy efficiency, considering
business activities.

Therefore, Energy Star is a highly practical tool for energy efficiency assessment,
considering operation characteristics for more than 20 years [12,13]. Energy efficiency
assessment is performed using a regression equation model based on the building charac-
teristics and energy use data from the Commercial Building Energy Consumption (CBEC)
survey [14]. The use of this model makes it possible to predict annual energy consumption
given building characteristics and occupancy factors (e.g., GFA, the number of occupants,
the number of computers, and operating hours). The estimated energy consumption is
compared with the actual energy consumption for the process of assessing the energy
performance of the given building and is converted to a score between 1 and 100 points to
assess EER.

Although many studies consider operation characteristics, including Energy Star, only
the energy efficiency assessment levels that consider the business activities of buildings,
such as climate and operation, are known. In addition, the reasons underlying the existence
of low or high EER scores are unknown [24]. Whether energy efficiency is determined by
the physical performance of buildings or occupant behavior is unknown, and identifying
potential energy saving opportunities is difficult.

EPIs were widely discussed in numerous studies globally. Specifically, energy perfor-
mance assessment methods normalizing operation characteristics were used in various
ways to compensate for the limitations of EUIL The limited reliability of the model and the
lack of knowledge regarding the reasons underlying the energy efficiency levels were also
discussed [10]. This situation obstructs government policies aimed at improving building
energy efficiency and reducing greenhouse gas emissions [25-27,36,37].

Arjunan et al. proposed a new model to reduce these research gaps [28]. They
proposed multiple linear regression with feature interactions (MLRi) and gradient boosted
trees to improve model performance, used Shapley additive explanation (SHAP) values for
the interpretation of non-experts, and provided an accessible overview of building aspects
that affect the score.

This model improvement method is innovative because it can improve the reliability
of energy efficiency assessment and explain the reasons underlying the energy efficiency
levels. However, considering that EER has been utilized for more than 20 years, improving
the model for various uses requires considerable time for the development and verification
of methodologies, as well as for their accommodation in the market. Specifically, prior
to improving the model, a balanced method explaining the reasons for energy efficiency
levels, while maintaining the existing EPIs as a way to overcome the limitations of the EER
method, must first be presented.

3. Materials and Methods
3.1. Data Description

The data surveyed in an earlier study [11] were utilized to derive EPIs that are suitable
for general hospitals in Korea by applying the Energy Star method. Information from
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general hospitals was collected by conducting a survey. Among the 82 hospitals surveyed,
24 hospitals, presenting energy consumption information for more than 36 months (which
is required for CPM derivation) were selected as targets.

Table 1 shows the information collected from the 24 hospitals.

Table 1. Information for 24 general hospitals.

D Numbero Opening Qe VRS L liened St Operaing _ENeY Consumption (W

[m2] [m2] eds (2018) ooms 2016 2017 2018  Mean
BO1 5 1905 37,696 22,532 903 433 433 5 13,107 12632 12361 12,700
B02 1 1974 9691 8884 329 200 159 3 3364 3419 3443 3408
B03 5 1973 22,373 19,496 745 294 294 7 9177 9569 10,276 9674
B04 9 1971 46,974 39,388 1666 735 735 13 21,716 21,608 22,834 22,054
B05 12 1962 30,095 26,081 575 355 355 9326 9287 9062 9224
B06 1 2010 61,854 61,854 670 405 405 12420 12068 12321 12,272
BO7 1 2012 29,350 22,771 450 299 295 4241 4470 4602 4438
B08 3 1993 22,104 19,798 631 399 399 6969 6770 5853 6532
B09 1 1995 74,136 50,771 1259 588 473 12 20,765 20,091 21514 20,788
B10 1 2009 99,114 85,439 1318 687 710 14 19753 21210 21,775 20913
B11 1 1996 73,651 53,670 1778 647 624 14 28,157 28,039 29,615 28,599
B12 6 1995 43,766 32,770 740 473 393 9 12,097 11,152 11252 11,502
B13 1 1995 67,257 53,370 1966 829 853 15 17,534 17,823 18866 18,079
Bl4 3 1992 57,303 41,681 947 594 477 10 22577 21,844 25076 23,168
B15 9 1956 81,946 66,724 1629 851 851 17 27,657 28771 28771 28402
B16 6 1992 85,869 85,869 1924 818 818 16 31,024 32209 35653 32,965
B17 9 1979 49,717 29,461 1974 899 914 13 259 22984 21965 22517
B18 1 1980 28,751 24,541 354 294 287 8597 8628 8775 8666
B19 5 1918 47,799 37,388 313 262 262 5358 6697 6692 6247
B20 2 1919 28,673 28,673 524 413 413 11,894 13175 13,666 12,911
B21 4 2001 94,565 78,511 1496 684 705 13 35670 36,095 36597 36,114
B22 2 1991 11,310 9976 214 298 292 2256 2212 2336 2268
B23 3 1987 17,341 8980 281 204 196 3151 3305 3942 3466
B24 10 1984 94,440 90,843 2016 904 704 15 40,043 39731 38484 39419

3.2. Deriving EPI
3.2.1. EUI and EER Score

The EUI was calculated by dividing the total energy consumption of a building by the
gross floor area (GFA) [3], as shown in Equation (1).

Energy Use Intensity (EUT) — Actual energy consumption (kWh) 1)
Gross floor area (m?)

Subsequently, the EER was calculated according to Equation (2), using the benchmark
presented as Table 2. Then, the EER score was converted into a scale of 1-100 points using
the look-up table represented by Table 3. The benchmark and look-up tables used were
developed by referring to the Energy Star system method to ensure that they could be
applied to the general hospitals in Korea [11].

Energy Efficiency Ratio (EER) — Actual energy consumption (MWh) )

~ Estimated energy consumption (Using benchmark model, MWh)

Figure 2 shows the results comparing the estimated energy consumption derived
by entering the number of staffed beds and the number of operating rooms as of 2018
for 24 hospitals into the benchmark, along with the actual energy consumption for each
hospital. The diagonal line shows the case in which the estimated energy consumption
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matches the actual energy consumption. As the result is closer to the line, the estimated
energy consumption is more similar to the actual energy consumption.

Table 2. Modified benchmark model for the general hospitals in Korea.

Modified Benchmark Model

Number of staffed beds (V)
Number of operating rooms (V5)

Benchmark Predicted Energy (MWh) =
(Estimated energy consumption) 31.245 (V1 — 360) + 644.764 (V, — 7) + 10,621.697

Independent variables

Table 3. Look-up table based on the energy efficiency ratio (EER) for general hospitals.

S Cumulative EER S Cumulative EER

core Percentage (%) > < core Percentage (%) > <
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

. 40,000

.8

k=

e ]

30,000 ® ®

g @ o®

o= - @

3= 20,000

8 S -

8 c // @

< e b
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g @/@@

A 0 &
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Figure 2. Actual and estimated energy consumption relationship (2018).

The right side of the diagonal line indicates buildings evaluated to have inefficient
energy consumption, as the actual energy consumption is higher than expected, whereas
the left side shows buildings evaluated to have high energy efficiency, as the actual energy
consumption is lower than the estimated energy consumption.

As the Energy Star method cannot explain the energy efficiency assessment results, as
mentioned in the introduction, a descriptive method that can solve this problem is required.

3.2.2. Change-Point Linear Model Parameters

CPM is the inverse modeling technique of ASHRAE that analyzes the relationship
between the outdoor temperature (T) and building energy consumption (E) from linear
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regression [30]. As seen in Table 4, CPM can extract parameters related to cooling, heating,
and the baseload.

Table 4. Change-point linear model type and parameters.

2-Parameter (2p_h)

3-Parameter (3p_h)

4-Parameter (4p_h) 1-Parameter

Parameters Definition

(Heating) (Heating) (Heating) p)
z 2 i
~ > 2 by
2 & 2
EAR I , Z g z
vl ] | b3 azo b‘5 ! v} .
AMBIENT TEMPERATURE(T) y - > bo: Base-load

AMBIENT TEMPERATURE(T) AMBIENT TEMPERATURE(T)

AMBIENT TEMPERATURE(T) by: Heating
E—bytb(bs—T)" sensitivity(slope)
E =by+by(T) E=by+b(bs—T)" +§2(Ti(b§)+ ) E = by by: Cooling
sensitivity(slope)
2-Parameter (2p_c) 3-Parameter (3p_c) 4-Parameter (4p_c) 5-Parameter bs: Heating
(Cooling) (Cooling) (Cooling) (5p) change-point
. R . by: Cooling
@ = g change-point
g 3 3
2 g
& 5 ! b/]v bU E
AMBIENT TEMPERATURE(T) AMBIENT TEMPERATURE(T) AMBIENT TEMPERATURE(D) AMBIENT TEMPERATURE(T)

E=by+ bz(T)

E=by+by(T - b4)Jr

E = b0+b1(b37T)+

E = by +b1(b4 — T)+
+by(T —by)*

+bo(T —by) ™

Baseload (by) represents the consumption of lighting, plug loads, and process loads,
among others, whereas heating and cooling sensitivity (b, by, slope coefficient) reflect the
sensitivity according to the envelope, ventilation, infiltration, and efficiency of the heating
and cooling systems of the building. The heating and cooling change-point temperatures
are analyzed as the outdoor temperature at which heating or cooling commences. A 1p
building does not utilize energy for heating or cooling, and exhibits consistent energy
consumption. A 2p building continuously uses energy for heating or cooling, depending
on outdoor temperature changes. The 3p and 5p buildings do not use energy for heating or
cooling based on outdoor temperature, but begin to do so at certain outdoor temperatures.
The advantage of the parameters estimated according to the CPM, an inverse modeling tech-
nique, is that they can reflect all the actual conditions of building performance degradation,
occupancy, and operation, based on measured data.

In this study, CPM was calculated by applying Kim et al.’s algorithm for deriving
CPM parameters [38]. This algorithm uses the monthly EUI data processed by adding
up monthly consumption for energy sources such as electricity, gas, and district heating.
Under the assumption that the baseload is constant, six energy consumption data are
selected as candidates for the baseload from the lowest consumption figures among the
36-month energy consumption data. Based on this, a heating or cooling regression equation
is calculated to derive the CPM for each candidate. The model derives 3p and 5p under the
assumption that heating or cooling energy consumption must exist along with the baseload,
and the model with the highest coefficient of determination (R?), as shown in Equation (3),
is selected as the final model.

. Zilil(Ai — Yi)z

Coefficient of determiation (R?) =1 — 3)
L (- Y)*
i=1\{i =

=
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(Ch 3.1)

Utility bill

At least
36-month data

where Y; represents CPM-calculated energy consumption, Y; is actual monthly energy
consumption, Y is an average of actual monthly consumption over N-month, and N is the
number of data points (N-months, N = 36).

3.3. Developing an Energy Performance Assessment Method

The proposed energy performance assessment method is employed to provide appro-
priate cause analysis results, along with building energy consumption levels, by comparing
the EPIs described in Section 3.2 in stages.

In the energy performance assessment method shown in Figure 3, the EPIs derived in
Section 3.2 are compared with each other in steps 1 and 2. They are classified into areas
A through D, and the implications of each area are shown in Table 5. In this study, the
average values of each EPI were set as the criteria for dividing the areas to compare the
analysis targets.

GFA

Business
activity
For ENERGY
STAR score

(Ch3.2)
Row data =——————————) [ P] =) Energy performance assessment
Stepl Step2
EUI vs. Score Score vs. CPM parameters
EUI
3 "o
— EUI 2 B g0 K B *by
@
" : | b,
B E C DA 2 E C ])4 * bs
ENERGY Woor S Good Roor o Gooa " D4
STAR score Score Score
Interpret Energy Explain assessment
Efficiency Assessment results and provide a
Results brief guide for energy
CPM saving strategies
parameters

Dry-bulb
temperature

At least
36-month data

Step3
Provide comprehensive descriptive information by building

EUI Score vs. CPM Result & Guide

Code| vs. parameters
Score| by | by | by | b | by | Retrofit Guide
by: poor | Check building
. b,: Good envelope,
BOl| A | C|A|C| C | C [Required .
bs: Good equipment

by: Good| efficiency, etc.

BOl| C |A]J]A ]| A| C | A |Required
B3| D [D|B|D|B|B

B24| C | A| C [ C | A | C [Required

Provide an overview of whether a building is a retrofit
priority and a guide to prioritizing energy savings strategies

Figure 3. Energy performance assessment method.

Table 5. Definition of the score-energy performance indicator comparison area.

Area Energy Efficiency Ratio Energy Use Intensity or
Score Change-Point Linear Model Parameters
A Inefficient Inefficient
B Efficient Inefficient
C Inefficient Efficient
D Efficient Efficient
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In step 1, the EUI and the EER scores are compared. Step 1 aims to examine the
limitations of EUI assessment, confirm that energy efficiency assessment after operation
normalization via the EER score can be different from that of the EUI evaluation results, and
identify buildings that first require energy savings. For the EUl-based energy consumption
assessment, buildings are evaluated to be more inefficient as the value increases. The EER
score is the energy efficiency assessment result with normalized building operation, and
buildings are evaluated to be more efficient as the score increases.

When assessment is performed based on EUI areas A and B in step 1 are evaluated
to be inefficient because the EUI value is higher than that of the average EUI In contrast,
when the assessment is performed based on the EER score, areas A and C are evaluated to
be inefficient because of the low score; areas B and D are evaluated to be energy-efficient.
Area C is evaluated to be efficient according to the EUI assessment, but inefficient due to the
EER score. However, area D is evaluated to be inefficient according to the EUI assessment,
but efficient due to the EER score.

After comparing the EUI assessment and the EER score in step 1, the EER score and the
CPM parameters are compared in step 2. Step 2 explains the causes of low energy efficiency
for buildings with low scores and identifies additional energy saving potentials based on
the information regarding the parameters for buildings with high energy efficiency.

In the case of comparing the baseload (bg) with the EER score, area A indicates that it
is necessary to examine the cause of the high baseload as the cause of low energy efficiency.
General hospitals have high baseloads because they are operated 24 h a day, and high-
energy medical systems, such as magnetic resonance imaging and computed tomography;,
are used for medical services, including diagnosis and surgery. Specifically, as the EER score
is the result of normalizing these operation characteristics, buildings with high baseloads
that exhibit low energy efficiency indicates that other causes exist rather than operation.
Contrarily, buildings with high energy efficiency despite the high baseload (area B) indicate
the appropriate consumption of the baseload required for business activities. Areas C and
D can be evaluated to be energy-efficient buildings based on the absolute amount of the
baseload. However, area C, with a low EER score, indicates inefficient energy consumption
compared to that of the baseload required for operation, whereas area D shows appropriate
energy consumption as same as area B.

In the case of heating/cooling sensitivity (b1, bp), area A shows that it is necessary to
examine the thermal performance of the building envelope or the efficiency of the heating
system as the cause of inefficient energy consumption. Area C shows that rather than
heating sensitivity-related characteristics, other causes for low energy efficiency may exist.
Area B indicates that additional building energy savings can be possible by examining the
thermal performance of the envelope or the efficiency of the heating system.

Heating/cooling change temperature (b3, b4) is a balance point temperature, which is
the result of the internal heat gain created by people, lighting, and devices; heating/cooling
setpoint temperature; and the solar radiation, insulation, and infiltration caused by the
physical performance of the building. As the heating change-point increases, heating
consumption increases because of the early onset of heating. As the cooling change-point
decreases, cooling consumption increases because of the early start to cooling. Specifically,
energy consumption is judged to be inefficient as the heating change-point increases or the
cooling change-point decreases. When the heating change-point is judged to be inefficient,
heating sensitivity also needs to be examined. For buildings with inefficient heating
sensitivity (area A), it is first necessary to examine the thermal performance of the envelope
or the infiltration of the building. However, when the heating change-point temperature is
high, despite efficient heating sensitivity (area C), factors related to the heating setpoint
temperature or occupant behavior can be examined first. For area B, additional energy
saving potentials can be determined by first examining the items related to the physical
performance of the building or occupant behavior, according to the heating sensitivity.
These analyses can also be applied to the cooling change-point temperature. Particularly,
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when the cooling change-point temperature is low and the baseload is high, it is necessary
to examine factors related to the internal load, such as the heat generated from lighting.

Step 3 presents an overview regarding whether or not a building is a retrofit priority,
as well as a guide for energy saving by combining the results of steps 1 and 2. Buildings
that correspond to areas A and C are determined as retrofit priorities in step 1, and the
information concerning the items to be first examined for diagnosing the detailed causes of
high or low energy efficiency is provided, based on the results of step 2.

4. Results
4.1. Results of Deriving EPIs for General Hospitals

Table 6 lists the EPIs of 24 general hospitals; Figure 4 shows the EPI distribution of
the hospitals. For all hospitals, the CPM type was found to be 5p. When the descriptive
statistics of the EPIs were calculated for the 24 hospitals, the three-year EUI average was
found to range from 312.2 to 324.8 kWh/m?. The EER score ranged from 7 to 97 points,
and the average was 42.3 points.
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Figure 4. The EPIs distribution of 24 general hospitals.

In regards to the distribution of heating and cooling sensitivity, the distribution of
cooling sensitivity was wider than that of heating sensitivity, and the average cooling sensi-
tivity (1.5 kWh/m? °C) was higher than the average heating sensitivity (0.9 kWh/m? °C).
The heating change-point temperature ranged from 11.7 to 20.6 °C, whereas the cooling
change-point temperature ranged from 15.3 to 22.8 °C.

Figure 5 shows the results for the analysis of the correlations between the EPIs. The
three-year energy consumption showed a clear correlation. As the EUI increased, the EER
tended to increase, and the score tended to decrease, although very clear relationships were
not observed.

Table 6. Energy performance indicator information for 24 general hospitals.
Energy Use Intensity (kWh/m?) Change-Point Linear Model Parameters
EER Score
2016 2017 2018 Mean Type bo b1 b, b3 by
BO1 347.7 335.1 327.9 336.9 0.98 35 5p 22.8 0.66 0.67 13.7 16.2
B02 347.1 352.8 355.3 351.7 1.27 14 5p 20.1 1.01 0.66 20.6 22.5
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Table 6. Cont.
Energy Use Intensity (kWh/m?) Change-Point Linear Model Parameters
b 2016 2017 2018 Mean EER Score Type by by b, bs by
B03 410.2 427.7 459.3 432.4 1.08 26 5p 28.4 0.95 211 14.3 20.9
B04 462.3 460.0 486.1 469.5 0.84 51 5p 30.5 1.04 1.45 14.9 19.2
B05 309.9 308.6 301.1 306.5 0.79 56 5p 18.6 0.98 213 17.9 21.2
B06 200.8 195.1 199.2 198.4 0.90 43 5p 10.8 1.02 1.19 16.4 19.9
B07 144.5 152.3 156.8 151.2 0.48 90 5p 10.5 0.27 0.49 16.9 18.9
B08 315.3 306.3 264.8 295.5 0.44 93 5p 19.6 0.53 1.65 14.1 17.8
B09 280.1 271.0 290.2 280.4 1.17 20 5p 18.7 0.69 0.54 13.7 18.4
B10 199.3 214.0 219.7 211.0 0.81 55 5p 14.3 0.30 0.74 20.2 22.8
B11 382.3 380.7 402.1 388.3 1.22 17 5p 20.7 0.83 3.19 13.0 17.0
B12 276.4 254.8 257.1 262.8 0.81 54 5p 14.5 0.78 1.72 13.1 17.8
B13 260.7 265.0 280.5 268.8 0.59 81 5p 17.6 0.57 0.70 15.2 18.5
B14 394.0 381.2 437.6 404.3 1.46 7 5p 241 1.42 2.60 11.7 194
B15 337.5 351.1 351.1 346.6 0.86 48 5p 19.7 1.18 1.69 124 16.0
B16 361.3 375.1 4152 383.9 1.13 23 5p 21.6 1.21 1.33 13.9 15.3
B17 454.5 462.3 441.8 452.9 0.67 71 5p 27.1 1.12 2.02 15.3 17.7
B18 299.0 300.1 305.2 301.4 1.19 18 5p 16.3 1.07 2.68 15.1 20.5
B19 112.1 140.1 140.0 130.7 0.93 41 5p 7.2 0.32 0.73 17.9 18.6
B20 414.8 459.5 476.6 450.3 1.09 26 5p 22.7 1.53 3.92 14.0 18.1
B21 377.2 381.7 387.0 381.9 1.40 9 5p 26.7 0.60 0.78 16.0 16.2
B22 199.5 195.6 206.5 200.5 0.38 97 5p 12.5 0.61 0.63 17.1 19.9
B23 181.7 190.6 227.3 199.9 1.02 32 5p 11.7 0.48 0.94 17.7 18.1
B24 424.0 420.7 407.5 417 .4 1.40 9 5p 24.3 1.28 2.63 14.6 18.3
Min 112.1 140.1 140.0 130.7 0.4 7.0 - 7.2 0.3 0.5 11.7 15.3
Max 462.3 462.3 486.1 469.5 1.5 97.0 - 30.5 1.5 3.9 20.6 22.8
Median 3264 321.9 316.6 321.7 1.0 38.0 - 19.7 0.9 14 15.0 18.5
Mean 312.2 3159 324.8 317.6 1.0 423 - 19.2 0.9 15 154 18.7

The baseload clearly increased as the EUI increased. For the relationship between the

baseload and the EER score, the baseload tended to increase as the EER score decreased and
to increase as the score increased; however, the correlation was low and was not significant
compared to that of the EUI. This indicates that the results of normalizing the operational
impacts of the number of staffed beds and the number of operating rooms were reflected
in the outcomes. As the score increased, b; and b, showed a tendency to decrease. This
implies that the envelope or system performance of the building is related to the EER score.
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Figure 5. Result of the EPIs correlation of 24 general hospitals (* p < 0.05, ** p < 0.01, *** p < 0.001).

4.2. Applying the Energy Performance Assessment Method for the General Hospital

The EPIs derived in Section 4.1 were compared using the energy performance assess-
ment method. Figure 6 shows the results of comparing the EER score and the EUL
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Figure 6. Result of the EER score-EUI comparison.

Overall, the score decreased as the EUI increased. B04, B17, and B15 are buildings that
correspond to area B, and are evaluated to be inefficient buildings for EUI, but efficient
buildings for the score. In contrast, B19, B23, B09, and B18 are buildings that belong to area
C. They are evaluated to have low energy efficiency because the score is low, even though
the EUl is also low. Nine buildings that belong to area A (B20, B03, B24, B14, B11, Bl6, B21,
B02, and B01) require energy saving first because the EUl is high, and the score is low. They
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are also retrofit priorities because of their low energy efficiency. Specifically, buildings in
areas A and C can be determined as retrofit priorities.

For buildings that correspond to areas B and D, the score is high compared to
that of buildings corresponding to areas A and C. It is necessary to increase the en-
ergy saving effect by identifying additional energy saving potentials based on the CPM
parameter information.

Figures 6-8 show the results of comparing the score and CPM parameters to explain
the reasons of the energy efficiency assessment results. The proposed method compares
only the score and the parameters; however, the results of comparing the EUI and CPM
parameters were also analyzed to examine the difference, when the EUI is used.
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Figure 7. Result of the EUl-baseload vs. the EER score-baseload comparison. (a) shows the EUl-baseload
comparison results, and (b) shows the score-baseload comparison results.

In Figure 7a, a very strong positive correlation between the EUI and the baseload
existed. This appears to be because the general hospitals are generally operated 24 h a
day, and high-energy medical systems are used for medical services, such as diagnosis and
surgery. However, it is unknown whether the high baseload was used for business activity
or lighting.

In contrast, Figure 7b shows the relationship between the EER score and the baseload.
Including B04, with the highest baseload, B17, B15, and B8 showed high efficiency scores,
despite the high baseload. This indicates that the baseload required for operation is
appropriately used, and the baseload for factors other than operation, such as lighting, is
efficiently consumed. In contrast, nine hospitals that belong to area A (B03, B21, B24, B14,
B20, B01, B16, B11, and B02) and four buildings that belong to area C (B09, B18, B23, and
B19) show the inefficient consumption of the baseload, even considering their operation
characteristics. This indicates that the lighting or other special equipment needs to be
examined.

Figure 8a,c shows the results of comparing the EUI with the heating and cooling
sensitivity, respectively. Figure 8b,d show the results of comparing the score with heating
sensitivity and cooling sensitivity, respectively.

High heating and cooling sensitivity mean that energy consumption increases rapidly
with temperature changes, and the related building envelope performance (e.g., thermal
performance of the envelope and infiltration) or equipment efficiency needs to be examined.
If they are compared with the score, as in Figure 8b,d, it is possible to identify whether the
reason for energy-inefficient buildings is related to heating/cooling sensitivity.
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Figure 8. Result of the EUl-sensitivity vs. EER score—sensitivity comparison. (a) shows the EUI-heating
sensitivity comparison results, and (b) shows the score-heating sensitivity comparison results.
(c) shows the EUI-cooling sensitivity comparison results, and (d) shows the score-cooling sensi-
tivity comparison results.

For example, B11, B09, B21, B01, B23, and B19 in Figure 8b, as well as B16, B23, B21,
B02, B09, B09, and B19 in Figure 8d, belonging to area C show, not only low EER scores,
but also low heating/cooling sensitivity values. This means that the low EER scores are
highly likely to be caused by the baseload or behavioral problems, rather than the physical
performance of the buildings. Therefore, it is necessary to first examine the baseload or
heating/cooling change temperature, as well as the related factors. In contrast, buildings
that belong to area B (B15, B17, B04, B16, and BO05 in Figure 8b, as well as B05, B17, B15,
B12, and B08 in Figure 8d) exhibit efficient energy consumption, and they would be able to
consume energy more efficiently if the physical performance factors related to cooling and
heating were first examined and improved.

The change-point temperatures in Figure 9 are the results of the physical performance,
indoor setpoint temperature, and occupant behavior of the buildings. A building with a
high heating change-point temperature compared to other buildings means that it starts
heating relatively early. A building with a lower cooling change-point temperature than
other buildings indicates that it starts cooling relatively early.
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Figure 9. Result of the EUl-change-point temperature vs. EER score-change-point temperature
comparison. (a) shows the EUl-heating change point temperature comparison results, and (b) shows
the score-heating change point temperature comparison results. (c) shows the EUl-cooling change
point temperature comparison results, and (d) shows the score-cooling change point temperature
comparison results.

Area A in Figure 9b is the case in which heating commenced early because of the high
heating change-point temperature. If heating sensitivity is evaluated to be inefficient, it can
be considered that heating begins early because of factors such as thermal performance of
the envelope and infiltration. When the heating change-point temperature is high, despite
efficient heating sensitivity (area C), factors related to the heating setpoint temperature or
occupant behavior should be examined first. For area B in Figure 9b, additional energy
saving potential can be determined by first examining the items related to the physical
performance of the building or occupant behavior, according to the heating sensitivity.

These analyses can also be applied to the cooling change-point temperature in Figure 9d.
Specifically, when the cooling change-point temperature is low and the baseload is high,
examining factors related to the internal load, such as the heat from lighting, is necessary.

Summarily, setting the items that must be examined first is necessary to explain the
reasons for energy efficiency levels and to establish plans for energy saving strategies,
based on the results of comparing the score and each EPI. Table 7 shows the comprehensive
EPIs analysis results for some buildings, as well as the subsequent guide derivation results.
The guide derivation results for all buildings can be found in Table Al in Appendix A.
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Table 7. Assessment results and guide for general hospitals.

EUI vs. Score vs. CPM Parameters Results and Guidelines
by by b, b3 by Retrofit Guidelines

Code

- Check for specialized medical
equipment

- Check lighting

- Check for internal heat sources

- Check the cooling setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check the heating setpoint
temperature

C Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check cooling system

- Check shading system

C Required

- Check building envelope (thermal
D performance, infiltration, etc.)
- Check heating system

- Check building envelope (thermal
performance, infiltration, etc.)
- Check heating system
D - Check the heating setpoint
temperature
- Check cooling system
- Check shading system

A: Poor EER score and poor parameters (or EUI). B: Good EER score and poor parameters (or EUI). C: Poor EER
score and good parameters (or EUI). D: Good EER score and good parameters (or EUI). .: Need for improved

efficiency. .: Determined as an efficient EPI based on EER score.

5. Conclusions

This study presents a method for supplementing the limitations of the EER score by
proposing an energy performance assessment method that can provide descriptive informa-
tion regarding the assessment results, along with the energy efficiency assessment results
which normalized business activities. The proposed method was applied to 24 general
hospitals in Korea, and the results were analyzed.

For the hospitals, raw data were collected to derive the three-year energy consumption,
the EUI, the modified EER score, and the CPM parameters; then, the EPIs were derived.
The EPIs were compared with each other to evaluate the energy efficiency level and derive
a guide to explain the reason for the EER score. The results of this study can be summarized
as follows.

1.  Supplementation of the limitations of the EER score using CPM parameters: It was
possible to identify reasons for buildings with low scores and additional energy
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saving potential for buildings with high scores by comparing the EER score and the
CPM parameters.

2. EER score-CPM parameter comparison to establish energy saving strategies: The char-
acteristics of each area of the EUl-score comparison graph are summarized as follows:

e Area A (B01, B02, B03, B11, B14, B16, B20, B21, and B24): For all of the buildings,
the baseload was high, and either heating or cooling sensitivity, or both, were
found to be inefficient. For the baseload, examining the operation of special
equipment and other factors, such as lighting, is necessary. Physical performance
must also be examined because the sensitivity is relatively high compared to that
of other buildings.

e Area B (B04, B15, and B17): Most hospitals have a high baseload, but also
exhibit a high EER score, which means that a high baseload can be judged as an
appropriate amount of energy consumption to operate the hospital. For all of
the buildings, it was found that the efficiency of the heating/cooling sensitivity
needs to be improved, although the change-point temperature was efficient.
This indicates that further energy saving is possible by improving the physical
performance of the buildings.

e Area C(B09, B18, B19, and B23): For three of the four buildings, the sensitivity
was found to be efficient; however, the heating/cooling change-point tempera-
ture was inefficient. The indoor setpoint temperature or occupant behavior must
first be examined.

e Area D (B05, B06, B07, B08, B10, B12, B13, and B22): Two buildings indicated
that the baseload or sensitivity required examination. However, for most of the
buildings, the heating/cooling sensitivity and the baseload were found to be
efficient, and only the change-point temperature required examination.

The proposed energy assessment method shows that it is possible to interpret the
energy efficiency assessment results by simply comparing the CPM parameters while
maintaining the EER score. For green remodeling retrofit projects to practically reduce the
energy consumption of existing buildings, a method to provide the information, combined
with the EER score, should be employed.

However, this method presents a guide for factors that need to be examined prior to
energy efficiency diagnosis, but it is not a method to diagnose accurate building energy
performance. Additionally, this study is not intended to improve the reliability of the EER
calculation model. Future research should further improve the reliability of the assessment
results via a comparison with ML-based model improvement.
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Appendix A. Assessment Result and Guidelines for Each of the 24 General Hospitals

Table Al. The detailed guide derivation results for 24 hospitals.

Code EUI vs.

Score vs. CPM Parameters

Results and Guidelines

bo by by b3

by Retrofit

Guidelines

Required

- Check for specialized medical
equipment

- Check lighting

- Check for internal heat sources

- Check the cooling setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check the heating setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check cooling system

- Check shading system

- Check building envelope (thermal
performance, infiltration, etc.)
- Check heating system

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check the heating setpoint
temperature

- Check cooling system

- Check shading system

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check the heating setpoint
temperature

- Check the heating setpoint
temperature

- Check cooling system

- Check shading system

- Check the cooling setpoint
temperature

Required

- Check the cooling setpoint
temperature




Buildings 2023, 13, 2703

19 of 22

Table Al. Cont.

EUI vs. Score vs. CPM Parameters

Results and Guidelines

Code
Score bo by b, bs

D D

by Retrofit

Guidelines

- Check the heating setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check cooling system

- Check shading system

- Check the cooling setpoint
temperature

- Check cooling system

- Check shading system

- Check the cooling setpoint
temperature

- Check the cooling setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check cooling system

- Check shading system

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check cooling system

- Check shading system

- Check the cooling setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check the cooling setpoint
temperature

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check cooling system

- Check shading system

- Check the cooling setpoint
temperature

Required

- Check heating system
- Check cooling system
- Check shading system
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Table Al. Cont.

EUI vs. Score vs. CPM Parameters Results and Guidelines
by by b, Retrofit Guidelines

Code

- Check the heating setpoint
temperature

- Check the cooling setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check cooling system

- Check shading system

- Check the cooling setpoint
temperature

Required

- Check for specialized medical
equipment
- Check lighting
Required - Check the heating setpoint
temperature
- Check the cooling setpoint
temperature

- Check the heating setpoint
temperature

- Check the heating setpoint
temperature

- Check the cooling setpoint
temperature

Required

- Check for specialized medical
equipment

- Check lighting

- Check building envelope (thermal
performance, infiltration, etc.)

- Check heating system

- Check cooling system

- Check shading system

- Check the cooling setpoint
temperature

Required

A: Poor EER score and poor parameters (or EUI). B: Good EER score and poor parameters (or EUI). C: Poor EER
score and good parameters (or EUI). D: Good EER score and good parameters (or EUI). .: Need for improved

efficiency. .: Determined as an efficient EPI based on EER score.
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