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Abstract

School buildings have a great potential for carbon emission reduction since their annual emission
is about 72 million metric tons. Currently, more than 30% of school buildings were built before
1960 and are underperforming. To effectively reduce carbon emissions via school building retrofits,
it is critical for policymakers to understand the carbon intensity reduction potential of retrofitting
school buildings in different regions. Hence, this study develops a method to comprehensively
assess the long-term carbon intensity reduction potential of aggregated commercial buildings on a
county-by-county basis in the continental U.S. We apply this method to the K-12 school buildings
including primary and secondary school buildings. This paper predicts the carbon intensity
reduction potential of K-12 school buildings with eight building retrofit measures from 2022 to
2050 in the continental U.S. The results reveal several interesting findings: (1) In the
approximately 3,000 counties of the U.S. from 2022 to 2050, the carbon intensity reduction
potential of retrofitting K-12 school buildings in each county ranges from 0.41 kg/m? to 40.00
kg/m?. (2) Even in the same climate zone, the trends of carbon intensity reduction potential from
2022 to 2050 are different depending on their electricity sources. For example, in a hot and humid
climate zone, the carbon intensity reduction potential in Florida will decrease from 2044 to 2048.
However, in Mississippi, the carbon intensity reduction potential from 2044 to 2046 will increase
due to the termination of the nuclear energy usage. (3) Generally, reducing lighting power density
leads to more carbon intensity reduction in most states, but it might not be applicable for states
with high clean energy penetration, such as Washington.

Keywords: K-12 school building; Carbon intensity reduction; Building energy simulation;
Large-scale simulation.

1 Introduction

To mitigate climate change caused by greenhouse gas (GHG), the United States (U.S.) has
outlined a pathway to reduce carbon emissions 50% by 2030 [1] and 80% by 2050 [2]. Being one
of the significant infrastructures in the U.S., K-12 school buildings, including primary and
secondary schools, have a great potential to reduce carbon emissions. According to the climate
advocacy organization Generation180, school facilities annually emit about 72 million metric tons
of carbon dioxide, which is equivalent to the emissions from about 8.6 million homes [3]. Currently,
more than 30% of school buildings are constructed before 1960 and are underperforming [4,5].
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The underperforming buildings are buildings with low energy efficiency and high carbon emission
intensity. Carbon intensity, which is the kilograms of carbon dioxide equivalent emitted per square
meter, is one of the emerging metrics to measure the carbon emissions of buildings [6—8]. Hence,
it is critical for the policymaker to know the reduction potential of carbon intensity for
underperformed buildings by adopting building retrofit measures. The high operating cost of the
K-12 school buildings also forces public administrations to make strategic decisions concerning
the refurbishment of the school building stock. According to the 2012 Commercial Buildings
Energy Consumption Survey (CBECS) conducted by the U.S. Energy Information Administration
(EIA), schools annually spend around $8 billion on utility bills [9]. Moreover, reducing the carbon
intensity of K-12 school buildings is a good practice for promoting sustainable development for
the pupils and their families [10].

The existing study has proved the effectiveness of building retrofits to reduce carbon intensity
in specific cities [11,12]. There are several building retrofit measures that have the potential to
reduce carbon intensity, such as increasing the insulation of the building envelope, improving the
efficiency of the HVAC system, and adjusting the lighting power density of buildings [13-21].
Moreover, building retrofits have a positive economic impact on reducing the operational costs of
buildings, which can be an incentive for stakeholders to adopt the building retrofit measures,
reducing carbon intensity as a result [22]. Gamarra et al. indicated that schools could reduce the
fossil energy demand of the building in the operation and maintenance phase via building retrofits
in a hot climate zone [23]. Many researchers realize that carbon intensity reduction on the county
level is very important to achieve low-carbon development goals [24-27].

However, challenges remain regarding presenting comprehensive carbon intensity inventories
at the county level. For the U.S., the situation becomes particularly difficult because of the
significant geographical and social-economic diversity across the country. Furthermore,
generating comprehensive carbon intensity inventories requires very detailed carbon accounting
for each county as well as a comprehensive understanding of the local climate. Compared with
states, counties have various definitions regarding their boundaries and non-centralized statistics,
which produce uncertainties in carbon intensity calculation. Facing this challenge, a method
emphasized on a county-by-county basis is needed to predict the carbon intensity reduction
potential of school buildings. Carbon assessment on a county-by-county basis is a key research
direction in the field of carbon neutrality. Understanding carbon intensity at the county and
regional levels have been highlighted in the carbon management literature [28—30].

The above literature review reveals that there is no existing method for predicting the large-
scale carbon intensity reduction potential of K-12 school buildings on a county-by-county basis.
To fill the gap, this study investigates the large-scale carbon intensity reduction potential of K-12
school buildings on a county-by-county basis, which is not fully investigated yet. Furthermore, the
new methods proposed in this paper can also be applied to any aggregated commercial buildings
in the continental U.S. Based on the result of building energy modeling, the dynamic carbon
emission factor of electricity is used to explore the carbon intensity reduction potential of
commercial buildings on a county-by-county basis in the continental U.S. Then, to calculate the
aggregated carbon intensity reduction of commercial buildings, the weighting values of floor area
calculated from the existing construction database are considered. According to the research
objective, this study adopts this method to comprehensively assess the carbon intensity reduction
potential of K-12 school buildings in the continental U.S. on a county-by-county basis.

The rest of this paper is organized as follows: Section 2 introduces the methodology of
predicting county-by-county based carbon intensity reduction potential of aggregated commercial



buildings; Section 3 describes the application of this method in K-12 school buildings including
building energy model preparation, information on building locations, building retrofit measures
and weighting values of floor area between primary and secondary school buildings; Section 4
presents the results of carbon intensity reduction of K-12 school buildings; Section 5 discusses the
spatiotemporal variability of the long-term carbon intensity reduction of K-12 school buildings.
Finally, Section 6 concludes and discusses future work.

2 Methodology

This study develops a method to comprehensively assess the long-term carbon intensity
reduction potential of aggregated commercial buildings in the continental U.S. at the county level,
as shown in Figure 1: (1) energy prediction for a commercial building, (2) carbon emission
prediction for a commercial building, and (3) carbon intensity reduction potential of aggregated
commercial buildings. Following these three steps, the carbon intensity reduction potential of
aggregated commercial buildings within a county with specific retrofit measure in a certain year
can be predicted. Subsections 2.1, 2.2, and 2.3 introduce these three steps in detail.
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Figure 1. Method to predict carbon intensity reduction of aggregated commercial building in a county



2.1 Energy prediction for a commercial building

Building America determines building practices based on climate zones to achieve the most
energy-efficient buildings [31]. Counties in one climate zone share the same climate feature. Thus,
we assume that the energy usages of commercial buildings in one climate zone are the same. This
study predicts energy consumption for baseline buildings and retrofit buildings by adopting
individual measures in 14 climate zones in the U.S. It is worthwhile to mention that this study
focuses on existing commercial buildings, and the study predicts the carbon intensity reduction
potential for the existing commercial buildings from 2022 to 2050. Since electricity and natural
gas account for 93% of the energy sources used in existing commercial buildings in the U.S., we
only consider these two to predict the energy consumption of buildings [32]. Therefore, in the
annual energy modeling, energy consumption can be divided into two parts: (1) electricity
consumption and (2) natural gas consumption. To predict the carbon intensity reduction potential,
we adopt the dynamic carbon emission factor of electricity from an open-sourced tool Cambium
[33]. The data in Cambium is created using 2012 weather patterns, which influence electricity
demand shapes and renewable energy resource quality. To avoid inaccuracies caused by the
misalignment of assumptions, we use the 2012 weather as the building energy modeling inputs,
which is highly recommended by the Cambium developer when using the hourly data [34]. Then,
the electricity and natural gas consumptions simulated by 2012 AMY data are used for the
prediction of carbon intensity reduction from the year 2022 to the year 2050 in this study.

2.2 Carbon emission prediction for a commercial building
For a building b,, belonging to the specific building type x1, it is in a county within state s

and from climate zone c. Then, the carbon emissions of this building with an individual retrofit
measure i in the year j can be obtained using the following formula:

T T
Cbx1,s,c,i,j =2 Cbx1,s,c,i,j,t = Z(Cebx1,s,c,i,j,t + Cnbx1,s,c,i,t)
t=1 t=1
T M
= Z(be1,s,c,i,j,t X E€sjt + Nb,q,s,c,i,j,t X en),
t=1

where, the t represents one hour; the T is the total number of hours in a year, which is 8760
hours; the C represents carbon emissions; the Ce represents carbon emissions generated by
electricity; the Cn represents carbon emissions generated by natural gas; the E represents the
electricity consumption; the €e represents the electricity emission factor; the N represents the
natural gas consumption, and the en represents the natural gas emission factor.

Using equation (1), we can get the carbon emissions of a building C bXI,S,C,i,j.The data sources

for emission prediction are explained as follows: (1) hourly electricity consumption (E bxl,s'c‘i,j‘t)
and hourly natural gas consumption (N bry S0, j,¢) are obtained from subsection 2.1; (2) electricity

carbon emission factors (e ;) are obtained from the National Renewable Energy Laboratory

(NREL) Cambium tool [33]; and (3) natural gas emission factor (en) is a constant, which is 50.15
kg/GJ [35].



2.3 Carbon intensity prediction of aggregated commercial buildings

2.3.1 Weighting value calculation

From subsections 2.1 and 2.2, we obtain the carbon emission of buildings with retrofit
measures. Then, the aggregated carbon intensity reduction of a group of commercial buildings
(x1, %2, x,) for a county can be calculated by the weighting value. In this study, the building type
is identified with the building’s function such as medium office, or hotel. Other building types can
refer to the DOE prototype buildings [36]. The construction year of building is not considered due
to the limited dataset access. For the building type x; within the state s and climate zone c, the
weighting value for this specific building type w,., ¢ . can be calculated by the following formula:

A

X1,S,C
Axl,s,c + sz,s,c + et An,s,c’
where, the A, . is the total floor area of commercial building type x; within the state s and

2)

le,s,c =

climate zone ¢, To acquire the floor area information, there are many databases including the
construction information of commercial buildings that can be adopted to calculate the weighting
factor by using equation (2). For example, the Pacific Northwest National Laboratory (PNNL)
evaluated weighting factors w for the national commercial building construction of each the
climate zone in the U.S. based on the McGraw Hill Construction Database [37].

2.3.2 Carbon intensity reduction of aggregated commercial buildings
From subsection 2.2, we predict the carbon emission reduction of commercial buildings. Then,
the carbon intensity reduction by retrofit measure i commercial building b, (pbxl.s.c,i) can be

calculated by the following equation:

o Chyp5.c0j = Cbypscij 3)
»S,GL T )
x1 Fb

X1

where, the Fbx1 is the floor area of a commercial building b, ; the building is in the state s and
from climate zone c; the C by, s,c,0, TEPTESENts carbon emission of the bassline commercial building
model in the year j; and the C by, 5,01, Tepresents carbon emission of the retrofitted commercial

building with the retrofit measure i in the year j. Due to the similar building characteristics for a
specific building type, the carbon intensity reduction of building type x; can be obtained from the
following equation:
Pxy,s.ci = pb,q,s,c,iv (4)
The carbon intensity reduction of other building types can be obtained by equations (3) and
(4). Then, the aggregated carbon reduction intensity of group of commercial buildings
(Px1+x3++x,,5,c,i) €an be acquired by the following equation:
Pxy+xg+txysci — Wxy,sc X pxl,s,c,i + Wy, X pxz,s,c,i +-t Wix,s,c X pxn,s,c,i ®)]
where x1, X3, "+, x,, represent the different commercial building types; for example, w,, ¢ . is
the weighting value of floor area for a building type x; in state s and climate zone c. The p,, g 1s
the carbon intensity reduction of specific building type x; in state s and climate zone ¢, which are
calculated using equation (3).



3  Study Design

According to the method developed in section 2, we select the K-12 school building as an
application of this method. This section provides the overview of K-12 school buildings energy
model including primary and secondary school building models, weather features for simulation,
values for building retrofit measures, and the weighting value to calculate the aggregated carbon
intensity reduction.

3.1 Building energy model

To provide a baseline and quantify the carbon intensity reduction of K-12 school buildings,
two DOE prototype building energy models were adopted [36]. These two models are based on
the national commercial building energy code ASHRAE Standard 90.1-2007 [38]. Generally,
commercial buildings in each state are based on the state commercial building energy code and
some cities even have city building energy codes. For example, Boulder, as a city in the state of
Colorado, has the city building energy code. Even though we know the construction year of K-12
school buildings, it is hard to identify which building energy code the building within a county is
used, more than this, the K-12 school buildings might even have building retrofits, then, the
building energy performance would be different compared with the building energy code. Since
this study aims to analyze the average level of large-scale carbon intensity in the United States,
the building energy models based on the national commercial building energy code are adopted to
make the assessment more feasible. Moreover, considering the construction year of K-12 school
buildings in the U.S. and the adoption lag of the building energy code, the school building energy
models based on ASHRAE Standard 90.1-2007 are adopted [4,39]. The geometry models of school
buildings are shown in Figure 2.

(a) Primary school (b) Secondary school
Figure 2. The geometry of school buildings

The primary school building is divided into 25 thermal zones, and has one story, with a 6,872
m? floor area and a 35% window-to-wall ratio. The secondary school building is divided into 46
thermal zones, and has two stories, with a 19,594 m? floor area and a 33% window-to-wall ratio.
Both buildings have steel-frame exterior walls and built-up roofs with insulation layers. The
HVAC system in the primary school building includes gas furnaces, gas boilers, packaged air
conditioning units, and VAV terminal boxes. Compared with the primary school building, the
secondary school building has one more air-cooled chiller in the HVAC system. According to the
CBECS data, natural gas is consumed most for space heating [9]. Then, the energy sources of these
buildings can be divided into two types. Electricity is consumed for AC cooling and reheating,
lighting, and plug loads, and natural gas is used for AC heating and service water heating. These
building models include a primary school and secondary school, each of which is carefully



assembled to be representative of construction for K-12 school buildings of its class. The space
types included in each prototype design are shown in Table 1.

Table 1. Space types of school buildings

Space type Area in Primary school (m?) Area in Secondary school (m?)
Auditorium NA 988
Cafeteria 315 624
Classroom 3,456 6,913
Corridor 1,122 4,200
Gymnasium 357 3,224
Kitchen 168 216
Library 399 840
Lobby 171 420
Mechanical/Electrical/Telecom Room 252 684
Office 441 1,064
Restroom 190 420

3.2 Locations

This research focuses on the carbon intensity reduction of 14 climate zones in the continental
U.S., which excludes Hawaii and Alaska. The characterization of these climate zones is based on
seasonal performance metrics and not on peak or design values. According to the 2012
International Energy Conservation Code (IECC) [40], each climate zone is clustered by HDD65
for the heating and CDD50 for the cooling and further subdivided by moisture levels as humid (A),
dry (B), and marine (C) to characterize their seasonal values. The distribution of climate zones is
based on the 2012 IECC, then fourteen cities have been identified as sufficient to represent all the
regions in the climate zones according to the Building Energy Codes Program of the Department
of Energy [36], as shown in Figure 3. The summary of fourteen representative cities and their
climate feature is shown in Table 2.
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Figure 3. International Energy Conservation Code (IECC) climate zones [40]
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Table 2. Cities characterized by climate combinations

Hot Mild Cold Very Cold
Miami-1A
Humid Tampa-2A New York-4A Euffl:llot- 5A6 A
Atlanta-3A ochester=
Tucson-2B Denver-5B .
Dry El Paso-3B Albuquerque-4B Great Falls-6B International Falls-7
. San Francisco-3C
Marine

Seattle-4C

3.3 Building retrofit measures

There are many building retrofit measures available for commercial buildings [41-46]. This
research selects eight building retrofit measures as input variables of building energy models. The
eight building retrofit measures and their values are shown in Table 3. The values vary by the
different climate feature locations. Furthermore, the building model to calculate the aggregated
effect of these eight measures is built. The abbreviation ALL is used to represent the aggregated
effect of these eight measures. The combination of eight measures results in 280 building energy
models (2 building type x 14 locations x (1 baseline model + 9 retrofit models)). The model input
values of baseline models are based on ASHRAE Standard 90.1-2007 [38]. The model input values
of retrofit models in 14 climate zones are referred from the Advanced Energy Design Guide for
K-12 school buildings 50% Energy Savings [47].

For the suggested retrofitted value, detailed upgrading strategies could be found in AEDG for
K-12 school buildings with 50% Energy Savings. For example, the roof insulation can be increased
by installing continuous insulation at the bottom of the rafters and above the ceiling material; the
wall thermal performance of steel-framed walls can be upgraded by adding exterior foam sheathing
without degrading by the thermal bridges; the window thermal performance can be improved via
replacing the single pane windows with double glazing windows or adding insulated blind systems;
lighting power density could be lowered by replacing incandescent lamps with light-emitting
diodes (LED); the plug load density can be reduced by implementing sleep mode software on the
desktop computer; the cooling and heating equipment efficiencies can be improved by replacing
higher efficiency equipment; the efficiency of service hot water system can be improved by
replacing condensing gas storage water heaters with gas-fired instantaneous water heaters [47].



Table 3. Building retrofit measures and values

Building Retrofit [ Model Inout | Building T 1A 2A 2B 3A 3B 3C 4A 4B 4C | sA 5B |  6A 6B
Measure reviation odel Inpu YPES Base’[Retr” | Base' | Retr? | Base' | Retr” | Base! | Retr” | Base' | Retr” | Base! | Retr” | Base' | Retr” | Base! | Retr” | Base' | Retr” | Base! | Retr” | Base' | Retr” | Base! | Retr” | Base' | Retr” | Base' | Retr”
. . Wall insulation R- Primary &
Add wall insulation |~ WALL Secondary 104 [ 1.04 | 1.04 | 134 | 1.04 | 134 | 1.71 [ 2.01 | 1.71 | 201 | 1.71 | 2.01 | 2.37 | 2.37 | 2.37 | 237 | 237 | 237 [ 237 | 2.37 | 237 | 237 | 237 | 237 | 2.37 | 2.37 | 2.37 | 2.37
value (m2-K/W) School
Roof insulation R- Primary &
Add roof insulation ROOF Secondary | 2.60 | 3.52 | 3.47 | 441 | 3.47 | 441 | 347 | 441 | 347 | 441 | 347 | 441 | 347 | 529 | 347 | 529 | 3.47 | 529 | 3.47 | 529 | 3.47 | 529 | 3.47 [ 5.29 | 3.47 | 529 | 3.47 | 5.29
value (m2-K/W) School
. Window U-factor Primary & 6.82 | 3.18 | 4.09 | 2.56 | 4.09 | 2.56 | 3.52 | 2.33 | 3.52 | 233 | 3.52 | 2.16 [ 2.90 | 2.16 | 2.90 | 2.16 | 2.90 | 2.16 | 2.73 | 2.16 | 2.73 | 1.99 | 2.73 | 1.99 | 2.73 | 1.99 | 2.73 | 1.99
Replace windows WINDOW (W/m2-K) Secondary
Window SHGC School 025 [ 025 [ 025 [0.25 [ 025 [ 0.25 [ 0.25 [ 0.25 [ 0.25 | 0.25 [ 0.25 [ 0.25 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.42 | 040 | 042 ] 040 | 042 ] 040 | 042 0.40] 042
. . L Primary School | TZ.80 T2.30 T2.80 T2.30 280 T2.30 280 230 T2.80 [T2.80 T2.30 [T2:80 TZ30] [TZ80
mprove lighting ighting power
efficiency LIGHT density (W/m2) ses“’hndalry 12.16] 733 [12.16] 723 [12.16] 723 [12.16] 723 [12.16] 723 [12.16] 733 [12.16| 723 [12.16] 733 [12.16] 723 [12.16] 73 [12.16] 73 |12416 7.53 |12.16|7'53 |12416 7.53
CNOO.
Improveequipment Plugloaddcnsity Pri School 12161 804 112161 804 12161 804 12161 804 12161 804 1 12161 804 ' 12 16! 8 04 12161 804 12161 804 12161 804 12161 804 ' 12 161 8 04 12161 804 12161 804
efﬁp'fugh;,ffluded En”") (W/m2) Secondary |11 51| 5.84 [11.51 | 5.84 | 11.51] 5.84 [ 11.51 5.84 | 11,51 5.84 | 11.51] 5.84 [11.51| 5.84 | 11.51] 5.84 [ 11.51] 5.84 |11.51| 5.84 | 11.51| 5.84 [11.51 | 5.84 | 11.51] 5.84 [11.51] 5.84
= Primary &
IW‘I‘W‘.@W‘% COOLING | Nonpuadtensffiient | g onaars 1323|337 | 3.23 | 3.37 323 | 337 | 3.23 [ 337 323 | 337 | 3.23 | 337 | 323 | 3.37 | 323 | 337 | 3.23 [ 337 [ 323 | 337 [ 3.23 | 337 | 3.23 | 3.37 | 3.23 | 337 | 3.23 [ 337
Primary &
Imi‘fgggﬁmg HEATING | Burner efficiency Secondary | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90 | 0.80 | 0.90
Schoot
Improve service hot Heater thermal Primary &
water system SWH e Fcionn Secondary | 0.81 [ 0.95 | 0.81 | 0.95 | 0.81 | 0.95 | 0.81 | 0.95 | 0.81 [ 0.95 | 0.81 | 0.95 | 0.81 [ 0.95 | 0.81 | 0.95 | 0.81 | 0.95 [ 0.81 | 0.95 [ 0.81 | 0.95 | 0.81 | 0.95 | 0.81 | 0.95 | 0.81 | 0.95
eificiency School

! Base: Baseline model (Source: ASHRAE Standard 90.1-2007 [38])
2Retr: Retrofit model (Source: AEDG K-12 school buildings 50% Energy Savings [47])




3.4 Weighting value between primary school and secondary school

According to PNNL’s research outcomes based on the McGraw Hill Construction Database
[37], we remapped the weighting factors between primary school and secondary school in the
continental U.S., as shown in Table 4. Ideally, the total carbon emission reduction can be predicted
with the weighting value including both state and climate zone geometrical information. However,
the data access limits the obtaining of weighting value including the state information. Therefore,
this study adopts the weighting value with climate zone information to predict the aggregated
carbon reduction intensity of K-12 school buildings.

Table 4. Remapping the weighting value of K-12 buildings in the continental US

Climate Zone 1A 2A 2B 3A 3B 3C 4A

Primary School 28% 42% 38% 35% 30% 33% 32%

Secondary School 72% 58% 62% 65% 70% 67% 68%

Climate Zone 4B 4C SA 5B 6A 6B 7

Primary School 28% 31% 34% 29% 30% 29% 24%

Secondary School 72% 69% 66% 71% 70% 71% 76%
4 Results

With the section 2 methodology and section 3 study design, the energy use intensity (EUI)
reduction of K-12 school buildings by adopting the building retrofit measures can be predicted.
Then the long-term carbon intensity reduction potential of K-12 school buildings in the U.S. is
predicted on a county-by-county basis.

4.1 Energy use intensity (EUI) prediction

With the eight building retrofit measures, we simulate the energy consumption and calculate
the EUI reduction of K-12 school buildings for each county in the continental U.S., as shown in
Figure 4. It indicates that the EUI reduction of K-12 school buildings in the 14 climate zones will
range from 123 MJ/m?-yr to 203 MJ/m?-yr. For the energy-saving analysis, the simulation is based
on climate features. The value of EUI reduction is related to climate features instead of state
because a state may include various climate features. For example, the counties in Taxes have
several climate features (e.g., hot humid, mild dry). The simulation result shows that the areas with
the relatively highest EUI reduction will concentrate in hot humid (e.g., Florida, Texas) and cold
humid climate zones (e.g., Michigan, Minnesota). The areas with the relatively lowest EUI
reduction will concentrate on the west coast of the U.S., and the climate features are mild marine
(e.g., Washington) and hot dry (e.g., Arizona).

According to the 2012 and 2018 Commercial Building Energy Consumption Survey, the
growth rate of total commercial building floorspace from 2012 to 2018 in the U.S. is 11%[9].
Referring to the Total Energy Annual Data from U.S. Energy Information Administration, the
growth rate of commercial sector energy consumption from 2012 to 2018 is 14% [48]. Therefore,
we assume the energy use intensity (EUI) will not change significantly from 2022 to 2050.
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Figure 4. Annual EUI reduction potential of K-12 school buildings with retrofit measure ALL

4.2  The long-term carbon intensity reduction potential

Based on the method introduced in subsections 2.2 and 2.3, the long-term carbon intensity
reductions of K-12 school buildings with different retrofit measures from 2022 to 2050 are
calculated. Retrofit measure ALL is used as an example to illustrate the long-term carbon intensity
reductions, as shown in Figure 5. The carbon emission of the baseline model is also presented in
Appendix A, Table A. 1. Figure 5 shows that the carbon intensity reduction potential will decrease
over time, and the range of carbon reduction will also decrease, which is similar to existing
research of medium offices. That study adopted the dynamic electricity emission factor to predict
the carbon emission of medium offices and they found that the carbon emission reduction potential
will decrease over time [12]. As shown in Figure 5, the difference in color will become smaller
over time due to the adoption of the dynamic electricity emission factor.

For example, the result shows the range of carbon intensity reduction potential in 2022 will be
from 1.66 kg/m?-yr to 40.00 kg/m?-yr, and the range in 2050 will be from 0.41 kg/m?-yr to 18.69
kg/m?-yr. As we mentioned in subsection 3.2, the energy usage of the school building is assumed
to be constant within one climate zone. However, the value and trend of carbon intensity reduction
in each state will be different when the EUI is the same.

Figure 5 shows that in the cold climate zones (5A, 5B, 6A, 6B, 7), the average carbon intensity
reduction potential is higher than the average carbon intensity reduction potential in hot climate
zones. This is because the buildings in the cold climate zone have a high demand for heating during
the long and cold winter and natural gas is used for heating [33,49]. The higher demand for dirty
energy sources leads to higher carbon emissions. Therefore, the cold climate zones have a higher
average carbon intensity reduction potential than hot climate zones. The following subsections
present the result of the carbon intensity reduction potential of K-12 school buildings with retrofit
measures ALL in three different climate zones.
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Figure 5. Annual carbon intensity reduction potential in the continental U.S. from 2022 to 2050

4.2.1 Carbon intensity reduction potential in hot climate zone

The climate feature of zone 2A is hot and humid. The counties in climate zone 2A are from
the states of Alabama, Florida, Georgia, Louisiana, Mississippi, and Texas. The annual carbon
intensity reduction potential of these counties from 2022 to 2050 is shown in Figure 6. We group
the counties by their state. The general trend is that the carbon intensity reduction potential
decreases over time. To achieve the low-carbon development goals, clean energy penetration will
increase over time. With higher clean energy penetration, the building will consume fewer dirty
energy sources and emit less carbon, and thus, the carbon intensity reduction potential will
decrease.
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Figure 6. Annual carbon intensity reduction potential in climate zone 2A (hot humid) from 2022 to 2050
However, it is worth mentioning that the carbon intensity reduction potential does not reduce
all the time. It is caused by the change of electricity source. According to the definition stated by
the DOE [50], clean energy includes solar, wind, water, geothermal, bioenergy, and nuclear. Then,
all the clean energy sources are combined into a group by this definition. Take the counties in
Mississippi as an example, it indicates that there will be an obvious protrude from 2044 to 2046,
and the carbon intensity reduction will increase abruptly in 2046, as shown in Figure 6. As shown
in Figure 7, from 2044 to 2046, the clean energy penetration will decrease, and the percentage of
dirty energy consumption will increase. When consuming the same energy, it will consume more
dirty energy sources. Therefore, the reduction potential of carbon intensity will increase when
saving the same amount of energy. The reason for the significant gap is that the license of Grand
Gulf Nuclear Station in Mississippi will end in 2044. After 2044, the supply of nuclear energy is
supposed to be replaced by natural gas and coal-fired power plants.
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Figure 7. Electricity source change in the counties from Mississippi in climate zone 2A

4.2.2  Carbon intensity reduction potential in mild climate zone

The climate feature of zone 4C is identified as mild and marine. The counties in climate zone
4C are from the states of Washington, California, and Oregon. As shown in Figure 8, the annual
carbon intensity reduction potential in the counties of California and Oregon will decrease from
2022 to 2050. However, for the counties in Washington, the carbon intensity reduction potential
will not change significantly over time, and the value of carbon intensity reduction is always the
lowest in zone 4C. It is because the energy source structure of Washington does not change too
much from 2022 to 2050 and the energy source of Washington is cleaner compared with others.
As shown in Figure 9, Washington always keeps on a high clean energy penetration which is more
than 75%. Dehdar et al. indicated that Washington state has always depended on hydropower
generation and after adding wind capacity the state achieved 96 billion kWh of non-carbon electric
generation in the year 2016 [51]. Therefore, Washington has such low carbon intensity reduction
among the others in climate zone 4C.
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Figure 8. Annual carbon intensity reduction potential in climate zone 4C (mild marine) from 2022 to 2050
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Figure 9. Electricity source change in the counties from Washington in climate zone 4C

4.2.3 Carbon intensity reduction potential in cold climate zone

The climate feature of zone 6B is cold and dry. The counties in climate zone 6B are from the
states of California, Colorado, Idaho, Montana, Utah, Washington, and Wyoming. As shown in
Figure 10, in Idaho, the annual carbon intensity reduction potential will increase from 2032 to
2036. It is because the clean energy penetration of Idaho will decrease from 2032 to 2036, as
shown in Figure 11 (a). In Montana, the carbon intensity reduction potential will increase from the
year 2022 to 2026, it is because the clean energy penetration will decrease from 2022 to 2026, as
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shown in Figure 11 (b). The examples of Idaho and Montana illustrate the relationship between
the carbon intensity reduction potential and clean energy penetration.
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Figure 10. Annual carbon intensity reduction potential in climate zone 6B (Cold Dry) from 2022 to 2050
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Figure 11. Electricity source change in the counties from Idaho and Montana of climate zone 6B

5 Discussion

5.1 Comparison of U.S. map from 2022 to 2050

In subsection 4.2, the large-scale carbon intensity reduction potential has been shown on a
county-by-county basis. This section further discusses the change of large-scale carbon intensity
reduction from 2022 to 2050.
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5.1.1 Long-term change of carbon intensity reduction for the measure ALL

Figure 5 shows the carbon intensity reduction in each county from 2022 to 2050. The carbon
reduction will decrease year by year. Moreover, in subsection 4.3, the relevance between the
carbon intensity reduction potential and the clean energy penetration is analyzed. Therefore, it not
only indicates the change in carbon reduction but also the penetration of clean energy. To verify
the relevance between the carbon intensity reduction potential and clean energy penetration, the
annual penetration of clean energy on a county-by-county basis is shown in Figure 12.

2026 Clean energy
penetration
100%

80%

60%

2030 2034

40%

20%

2038 ‘ 2042 . 0%

2046 ' 2050

Figure 12. Annual penetration of clean energy in the continental U.S. from 2022 to 2050
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Different from the U.S. map in Figure 5, the color of the U.S. map in Figure 12 gradually
becomes dark, which represents the increasing clean energy penetration. With the clean energy
penetration increasing, dirty energy consumption reduces when the energy use intensity is
relatively constant. Less dirty energy consumption leads to fewer carbon emissions. Then, the
carbon intensity decreases as a result, and the room for decreasing carbon intensity becomes small.
In other words, the carbon reduction potential will gradually become small over time.

5.1.2 Impact of electricity structure

The carbon intensity reduction potential of the retrofitted building model is relevant to the
electricity source structure. After using the building retrofit, we assume that the energy saving is
the same within one climate zone, but the carbon intensity reduction varied a lot, as shown in
Figure 5. Table 5 shows the highest and lowest carbon intensity reduction potential counties, and
the information in the table is simplified into their state and climate zone information.

Table 5. The highest and lowest carbon intensity reduction potential states from 2022 to 2050

Year The highest three annual carbon intensity The lowest three annual carbon intensity reduction
reduction potential regions (State — climate zone) | potential regions (State — climate zone)

2022 | Minnesota - 6A, Kentucky - 4A, Missouri - 4A Washington - 4C, Vermont - 6A, Washington - 5B

2026 | Kentucky - 4A, Missouri - 4A, Wyoming - 5B Washington - 4C, Washington - 5B, New Hampshire - SA

2030 | Kentucky - 4A, Wyoming - 5B, Wyoming - 7 Washington - 4C, Washington - 5B, Vermont - 6A

2034 | Indiana - 4A, Utah - 5B, Utah - 3B Washington - 4C, Washington - 5B, Vermont - 6A

2038 | Indiana - 4A, Indiana - 5A, Missouri - 4A Washington - 4C, Washington - 5B, Oregon - 4C

2042 | Indiana - 4A, Utah - 5B, Indiana - 5A Washington - 4C, Washington - 5B, Oregon - 4C

2046 | Utah - 5B, Indiana - 4A, Indiana - 5A Virginia - 4A, Washington - 4C, Delaware - 4A

2050 | Utah - 5B, Missouri - 4A, Missouri - SA Virginia - 4A, Washington - 4C, Delaware - 4A

Even though the counties are in the same climate zones, their carbon intensity reduction
potential can vary since they locate in different states. Take the year 2046 as an instance, the
counties from Delaware and Indiana are in the same climate zone 4A identified as humid and mild.
However, the carbon intensity reduction potential is different, and the carbon intensity reduction
potential is higher in the counties from Indiana. As shown in Figure 13, Delaware has a high
penetration of clean energy, and Indiana has a high consumption of coal. Consequently, when
consuming the same amount of energy, the building in Indiana would emit more carbon since 30%
of the source is from coal, which means there is more room for Indiana to reduce the carbon
intensity with energy savings by applying building retrofits.
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Figure 13. The energy source's structure for electricity generation of Delaware and Indiana states in 2046

5.2 Carbon intensity reduction potential with different retrofit measures

In subsection 4.2, the carbon intensity reductions of the retrofitted K-12 school buildings with
eight measures in the counties from hot, mild, and cold climate zone are calculated. This section
further explores the impacts of eight individual retrofit measures on the carbon intensity reduction
potential of K-12 school buildings. Take climate zone 4C as an example. The counties in climate
zone 4C are from three states. The carbon intensity reductions with eight measures of counties
from three states are shown in Figure 14. In the counties from climate zone 4C, the retrofit measure
with the most significant carbon intensity reduction potential is not the same. In counties of
California, reducing the lighting power density has the most potential to reduce carbon intensity.
However, in counties of Washington, increasing roof insulation has the most potential to reduce
carbon intensity. Moreover, it is worth mentioning that, for the counties of Oregon, the retrofit
measure with the most carbon intensity reduction potential is not always the same one, at the
beginning, reducing the lighting power density can reduce the most carbon intensity, but it is
replaced by increasing the roof insulation in 2050. This difference is because different retrofit
measures have different impacts on energy reduction.
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Figure 14. Annual carbon intensity reduction of retrofitted K-12 school building in climate zone 4C

As shown in Figure 15, if we reduce the lighting power density, the electricity usage will
decrease, and the natural gas consumption will increase. However, if we improve the roof
insulation, the electricity usage will not change significantly, and the natural gas consumption will
decrease, as shown in Figure 16. To calculate the carbon intensity reduction potential, we use the
dynamic hourly emission factor for electricity generation, and for natural gas, it is a constant 50.15
kg/GJ. The electricity emission factor of California and Washington in 2030 is shown in Figure
17. For a clean state where the clean energy penetration is high and the electricity emission factor
is relatively low (e.g., Washington), even reducing the lighting power density can reduce the
electricity usage, and the carbon intensity caused by natural gas will offset it. Consequently,
improving roof insulation becomes the most effective measure to reduce carbon intensity in
Washington. For California, the emission factor of electricity is relatively high, so reducing the
lighting power density can have the greatest carbon intensity reduction potential.

As for Oregon, in the beginning, reducing the lighting power density has the greatest potential
to reduce carbon intensity. However, in the year 2050, increasing the insulation of the roof has
more potential to reduce carbon intensity compared with reducing the lighting power density. This
is led by the change in clean energy penetration. As shown in Figure 18, in 2022, the emission
factor of electricity generation in Oregon is relatively high. However, it will drop rapidly in 2050
due to the increasing clean energy penetration. After offsetting the carbon intensity with natural
gas, increasing the insulation of the roof has the greatest carbon intensity potential among the eight
retrofit measures.
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Figure 15. Energy reduction by reducing lighting power density
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Figure 16. Energy reduction by increasing roof insulation
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Figure 17. Carbon emission factor for electricity generation in 2030
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Figure 18. Carbon emission factor for electricity generation in Oregon state

5.3 Future work for large scale carbon intensity assessment

This study builds a foundation for a platform that can evaluate carbon intensity reduction
potential on a county-by-county basis. With the platform, the policymakers can estimate the impact
of new technology or a policy on the carbon intensity of buildings. To improve this platform and
make the results more realistic and representative in the future, more scenarios could be considered.
For example, the building energy code for each building can be further investigated based on the
city or state energy code, and the advanced retrofit measures can be considered with the
breakthrough in building materials and other related fields. Also, another scenario about the cost
of future energy sources, and the carbon tax can be considered for future study. Moreover, future
weather changes can also be a potential impact factor on building carbon emissions. To sum up,
with the proposed method in this study, a foundation of a platform can be built to estimate large-
scale carbon intensity reduction of aggregated commercial buildings and be continuously
developed for a more representative model. In the future, the experiment on commercial buildings
can be feasible with the support from governmental institutions to validate the simulation result,
further calibrate the model, and improve the performance of the platform. In this study, the K-12
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school buildings are selected for the large-scale carbon intensity analysis. Therefore, the individual
energy system consumed by natural gas and electricity is adopted in models. For future study,
other energy systems can be considered for aggregated commercial buildings, such as the
application of district heating and cooling systems in the university. To predict aggregated K-12
school buildings carbon intensity reduction, we refer to the weighting factor about the commercial
building floor area from the technical report of PNNL. Ideally, the total mass of carbon emission
reduction can be predicted with the weighting value including both state and climate zone
geometrical information. However, the data access limits the obtaining of weighting value
including the state information. Therefore, this study can only use the weighting value with climate
zone information to predict aggregated carbon reduction intensity of K-12 school buildings. Later,
if a better database is available, it can be used with the method developed in this research for more
accurate large-scale prediction. Moreover, the carbon emission performance of building
constructed in different years could be furthered analysis with a better informative database.

6 Conclusion

Based on the prediction of electricity sources in the next 30 years, this study develops a method
to comprehensively assess the long-term carbon intensity reduction potential of aggregated
commercial buildings in the continental U.S. at the county level. As an application of this method,
this study investigates the county-by-county based (around 3000 counties) carbon intensity
reduction of K-12 school buildings with eight building retrofits from 2022 to 2050 in the
continental U.S. (excluding Hawaii and Alaska). From the long-term perspective, the carbon
intensity reduction with building retrofits will decrease. The result shows that the carbon intensity
reduction potential in 2022 at the county level ranges from 1.66 kg/m?-yr to 40.00 kg/m?-yr, and
it ranges from 0.41 kg/m?-yr to 18.69 kg/m?-yr in 2050. However, the annual change in carbon
intensity reduction depends on the adjustment of the electricity source. For example, the carbon
intensity reduction in Mississippi state will increase abruptly from 2044 to 2046 since the supply
of nuclear energy is supposed to be replaced by natural gas and coal-fired power plants with the
license expiration of Grand Gulf Nuclear Station in Mississippi. Moreover, compared with the
climate feature, which impacts the energy usage of the building, the electricity source has more
impact on carbon intensity reduction. K-12 school buildings in a county with a higher clean energy
penetration for electricity generation will have a lower carbon intensity reduction potential. In
general, the measure of reducing lighting power density has the highest potential to decrease
carbon intensity among the eight identified measures in most states. Adopting higher efficacy
luminaires could be one of the effective methods to reduce the lighting power density and ensure
indoor visual comfort. However, the situation may be changed due to the high clean energy
penetration for electricity generation.
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Appendix A

Table A. 1 Carbon emission of baseline K-12 school building energy models (unit: ton)

Region Primary school Secondary school

(CZ-State) | 2022 | 2026 | 2030 | 2034 | 2038 | 2042 | 2046 | 2050 | 2022 2026 2030 2034 2038 2042 2046 2050

1A-FL 642.4 | 650.5 | 546.7 | 500.0 | 429.3 | 349.7 | 324.5 | 316.7 | 1780.4 | 1802.9 | 1519.7 | 1389.5 | 1195.0 | 973.2 | 901.2 | 8&78.7

1A-TX 553.2 | 480.7 | 422.4 | 383.7 | 337.7 | 271.5 | 251.3 | 203.9 | 1528.8 | 1327.7 | 1168.2| 1060.2 | 9322 | 7484 | 691.2 | 5583

2A-AL 569.0 | 622.5 | 588.9 | 586.0 | 586.0 | 542.2 | 473.9 | 441.6 | 1580.7 | 1729.2 | 1637.3 | 1629.3 | 1593.3 | 1507.3 | 1316.2 | 1224.7

2A-FL 603.1 | 609.1 | 509.9 | 467.0 | 467.0 | 322.9 | 299.0 | 292.2 | 1679.8 | 1695.2 | 1419.7 | 1299.8 | 1107.0 | 894.0 | 825.6 | 805.8

2A-GA 420.5 | 543.1 | 415.8 | 405.7 | 405.7 | 396.1 | 282.3 | 255.3 | 1168.6 | 1511.7 | 1155.9 | 1127.0 | 1031.5 | 1098.7 | 777.2 | 700.8

2A-LA 621.4 | 507.9 | 413.7 | 428.4 | 428.4 | 438.6 | 472.5 | 466.1 | 1730.0 | 1409.0 | 1146.5 | 1187.3 | 1195.9 | 1216.2 | 1311.6 | 1294.1

2A-MS 581.6 | 517.3 | 395.1 | 367.7 | 367.7 | 361.3 | 496.4 | 324.5| 1617.6 | 1437.4 | 1100.5 | 1023.3 | 1069.9 | 1004.9 | 1386.9 | 898.6

2A-TX 521.2 | 451.6 | 395.7 | 359.6 | 359.6 | 253.5 | 235.1 | 190.8 | 1448.8 | 12524 | 1096.7 | 9953 | 873.7 | 697.6 | 645.7 | 520.6

2A-SC 355.8 | 428.7 | 286.8 | 300.5 | 266.3 | 225.2 | 202.5 | 1904 | 984.6 | 1188.8 | 791.7 | 829.5 | 732.6 | 6163 | 551.5 | 5175

2B-AZ 431.2 | 413.5 | 329.1 | 319.5 | 273.1 | 267.3 | 237.3 | 237.7| 1125.0 | 1074.7 | 844.1 817.7 | 693.7 | 677.4 | 596.7 | 598.0

2B-CA 243.1 | 210.6 | 183.2 | 173.4 | 157.3 | 143.2 | 124.7 | 124.4] 621.8 | 5329 | 459.1 432.6 | 3899 | 3529 | 3053 304.6

2B-TX 436.6 | 3754 | 326.9 | 297.8 | 262.3 | 209.6 | 1955 | 159.2] 1160.7| 988.5 | 852.1 773.7 | 677.8 | 533.6 | 4972 | 3994

3A-AL 496.4 | 537.9 | 510.7 | 508.3 | 497.5 | 472.7 | 415.7 | 387.8 | 1320.9 | 1431.4 | 1359.3 | 1352.5 | 1322.7 | 1255.6 | 1100.8 | 1023.8

3A-AR 552.6 | 578.2 | 541.4 | 504.9 | 508.6 | 493.1 | 461.7 | 467.4| 1474.4 | 15453 | 1443.8 | 1343.6 | 1352.9 | 13104 | 1224.1 | 1239.6

3A-GA 376.8 | 478.1 | 373.7 | 363.8 | 334.3 | 353.1 | 256.4 | 231.7| 1000.7 | 12743 | 988.8 | 9614 | 878.7 | 929.1 662.9 | 596.0

3A-LA 5399 | 442.2 | 363.2 | 374.9 | 377.7 | 383.6 | 411.7 | 406.5| 14419 | 1172.2 | 957.0 988.2 | 995.8 | 1012.1 | 1088.3 | 1074.3

3A-MS 506.5 | 454.4 | 353.8 | 329.9 | 343.0 | 324.6 | 432.9 | 288.0 | 1350.7 | 1208.8 | 937.2 870.5 | 906.1 857.9 | 1152.0 | 749.8

3A-NC 4727 | 508.0 | 475.2 | 457.6 | 426.6 | 310.0 | 2309 | 192.4| 1256.8 | 1352.7 | 1263.6 | 12153 | 1130.4 | 808.4 | 592.0 | 489.1

3A-OK 450.6 | 332.5 | 251.8 | 249.5 | 223.7 | 196.0 | 141.3 | 134.5] 1198.5| 876.0 | 654.6 | 647.5 | 576.8 | 501.6 | 352.0 | 3333

3A-SC 320.2 | 380.9 | 260.1 | 270.6 | 240.5 | 205.5 | 185.4 | 174.9 | 842.7 | 1006.9 | 675.1 703.4 | 620.5 | 523.8 | 467.2 | 438.9

3A-TN 4929 | 448.0 | 386.7 | 373.0 | 378.4 | 377.0 | 3653 | 259.0 | 1310.7 | 1189.2 | 1020.0 | 981.5 | 995.6 | 9923 | 960.5 | 672.5

3A-TX 457.4 | 396.9 | 350.0 | 319.6 | 283.3 | 230.3 | 214.8 | 177.3 | 1217.2 | 1049.6 | 921.7 | 838.5 | 739.5 | 593.9 | 551.8 | 449.1

3B-AZ 4229 | 405.6 | 323.8 | 314.7 | 269.1 | 263.5 | 234.1 | 235.2| 1078.7 | 1030.3 | 812.8 | 788.4 | 669.1 653.6 | 576.6 | 579.6

3B-CA 2395 | 207.8 | 181.0 | 171.6 | 155.9 | 142.3 | 124.2 | 123.9] 5982 | 513.7 | 443.1 418.4 | 377.8 | 342.6 | 296.8 | 296.0

3B-NM 7553 | 793.8 | 729.4 | 663.2 | 434.3 | 393.9 | 222.6 | 195.8 | 1949.5 | 2047.7 | 1879.3 | 1710.2 | 1117.2 | 1013.1| 563.7 | 495.6

3B-NV 336.7 | 344.7 | 290.3 | 289.4 | 242.3 | 247.7 | 2144 | 199.7| 8482 | 871.2 | 728.1 725.6 | 600.7 | 6149 | 526.0 | 489.8

3B-TX 4284 | 368.8 | 321.7 | 293.0 | 2585 | 207.1 | 193.1 | 157.7| 1113.6| 9493 | 820.3 744.7 | 653.7 | 516.0 | 480.6 | 3872

3B-UT 886.5 | 809.8 | 814.7 | 787.4 | 707.5 | 736.6 | 734.7 | 601.6 | 2278.0 | 2074.3 | 2086.6 | 2012.2 | 1794.7 | 1869.4 | 1872.7 | 1520.0

3C-CA 216.6 | 190.7 | 168.8 | 160.8 | 147.6 | 136.6 | 121.4 | 121.1| 508.8 | 445.1 | 3915 | 372.0 | 339.7 | 313.0 | 2763 | 2754

4A-AR 537.0 | 560.7 | 529.3 | 494.8 | 498.1 | 482.3 | 454.0 | 459.3 | 1360.3 | 1423.7 | 1341.3 | 1247.9 | 1256.2 | 1213.4 | 1138.9 | 1153.4

4A-DE 4719 | 254.7 | 199.4 | 200.6 | 201.1 | 1629 | 117.2 | 97.4 | 11882 | 6185 | 4755 | 478.6 | 4783 | 380.7 | 2554 | 203.9

4A-GA 374.6 | 469.7 | 374.4 | 364.1 | 338.2 | 355.1 | 267.4 | 243.8 | 938.2 | 1187.1 | 935.3 907.0 836.8 880.6 647.8 585.1

4A-IL 391.8 | 361.0 | 319.6 | 334.0 | 335.8 | 338.9 | 377.5 | 403.5] 978.8 894.7 | 786.3 822.0 826.3 | 833.8 934.1 | 1002.6

4A-IN 954.3 | 872.5 | 852.4 | 816.7 | 783.7 | 766.5 | 632.3 | 539.7 | 2457.8 | 2237.2 | 2183.4 | 2088.7 | 2002.2 | 1956.9 | 1601.6 | 1359.0

4A-KS 609.3 | 4749 | 417.5 | 442.4 | 412.8 | 371.8 | 277.4 | 281.0 | 1552.4 | 1193.2 | 1041.2 | 11052 | 1029.0 | 923.0 | 675.5 | 685.6

4A-KY 1089.6 | 993.4 | 980.8 | 723.0 | 704.7 | 650.9 | 477.5 | 389.5 | 2807.8 | 2554.0 | 2520.5 | 1837.2 | 1788.4 | 1647.4 | 1191.2 | 959.1
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Region Primary school Secondary school

(CZ-State) | 2022 | 2026 | 2030 | 2034 | 2038 | 2042 | 2046 | 2050 | 2022 | 2026 | 2030 | 2034 | 2038 | 2042 | 2046 | 2050
4A-MD 269.8 | 267.9 | 232.6 | 243.8 | 301.3 | 248.7 | 164.9 | 197.6 | 654.5 | 655.5 | 563.9 | 592.1 | 7439 | 6022 | 380.1 | 466.1
4A-MO 956.5 | 960.4 | 762.4 | 755.5 | 741.7 | 714.6 | 619.9 | 553.7 | 2457.4 | 2466.1 | 19423 | 1924.0 | 1889.6 | 1817.5 | 1566.8 | 1391.8
4A-NC 464.7 | 496.5 | 466.9 | 450.2 | 421.4 | 315.7 | 2433 | 207.1 | 1169.5 | 1252.7 | 1175.0 | 1130.0 | 10532 | 772.4 | 581.7 | 488.1
4A-NJ 353.1 | 320.8 | 285.6 | 277.4 | 311.3 | 322.2 | 347.5 | 344.0 | 8729 | 789.3 | 697.8 | 675.5 | 764.6 | 793.7 | 860.3 | 851.1
4A-NY 285.6 | 200.7 | 165.7 | 153.5 | 171.9 | 161.9 | 159.6 | 156.5 | 699.9 | 475.0 | 383.0 | 350.7 | 3985 | 371.6 | 365.1 356.0
4A-OH 733.1 | 752.7 | 716.1 | 640.8 | 630.5 | 569.6 | 517.0 | 411.2 | 1871.9 | 1922.2 | 1824.0 | 1626.5 | 1599.7 | 1439.8 | 1301.1 | 1021.0
4A-PA 488.1 | 466.8 | 463.9 | 505.0 | 512.5 | 471.0 | 433.7 | 412.0 | 1231.4 | 1173.5 | 1165.3 | 1272.7 | 1291.4 | 1182.5 | 1084.6 | 1027.8
4A-TN 483.1 | 440.2 | 383.9 | 371.4 | 377.0 | 376.1 | 366.0 | 267.1 | 1169.5 | 1252.7 | 1175.0 | 1130.0 | 10532 | 772.4 | 581.7 | 488.1
4A-VA 400.9 | 280.0 | 258.8 | 223.9 | 212.1 | 178.1 | 67.7 | 67.4 | 1000.7 | 682.5 | 626.6 | 535.6 | 504.8 | 414.7 | 122.5 | 121.7
4A-WV 662.5 | 744.5 | 706.1 | 574.1 | 471.7 | 358.6 | 289.6 | 307.1 | 1706.7 | 1918.2 | 1810.8 | 1474.1 | 1203.9 | 908.4 | 715.1 | 756.4
4B-AZ 412.7 | 397.0 | 321.1 | 312.8 | 269.8 | 264.6 | 237.0 | 237.7 | 1095.9 | 1052.2 | 848.1 | 824.6 | 708.8 | 693.8 | 619.3 | 621.5
4B-CA 239.1 | 209.7 | 184.8 | 175.9 | 160.9 | 147.7 | 130.1 | 129.8 | 6242 | 5445 | 4773 | 453.1 | 412.6 | 376.1 | 328.7 | 328.0
4B-CO 646.1 | 621.0 | 536.1 | 503.2 | 479.3 | 396.9 | 308.5 | 274.4 | 1731.2 | 1659.8 | 1432.1 | 1342.2 | 1278.6 | 1053.1 | 816.6 | 725.6
4B-NM 726.9 | 7643 | 704.0 | 640.9 | 423.4 | 384.8 | 222.6 | 197.0 | 1949.5 | 2046.8 | 1885.7 | 1716.6 | 1131.3 | 1027.5 | 587.4 | 5188
4B-OK 408.3 | 301.4 | 228.1 | 225.9 | 203.1 | 178.1 | 129.5 | 123.9 | 1097.2 | 807.6 | 604.8 | 598.2 | 535.0 | 467.5 | 3349 | 3193
4B-TX 413.7 | 359.4 | 316.6 | 289.7 | 257.3 | 209.6 | 196.0 | 162.5 | 1110.1 | 958.4 | 841.7 | 768.2 | 680.5 | 550.3 | 513.6 | 421.6
4C-CA 244.4 | 218.8 | 197.0 | 189.0 | 176.0 | 164.8 | 149.4 | 149.2 | 5534 | 490.7 | 437.4 | 417.7 | 3859 | 3582 | 321.0 | 3204
4C-OR 188.0 | 153.9 | 144.0 | 140.5 | 125.4 | 1349 | 133.1 | 115.8 | 415.9 | 333.0 | 309.1 | 300.6 | 263.3 | 286.5 | 282.2 | 239.8
4C-WA 107.4 | 932 | 904 | 912 | 87.5 | 91.4 | 950 | 83.6 | 219.1 | 184.6 | 177.9 | 179.8 | 170.8 | 180.3 | 189.2 | 161.5
5A-CT 299.4 | 275.2 | 256.0 | 249.3 | 281.2 | 290.0 | 374.1 | 332.5 | 725.8 | 665.6 | 616.1 | 599.8 | 680.9 | 702.3 | 9159 | 809.0
SA-TIA 642.0 | 627.9 | 606.9 | 564.0 | 448.5 | 407.0 | 314.8 | 268.0 | 1608.3 | 1568.3 | 1513.2 | 1399.9 | 1106.8 | 998.5 | 764.8 | 646.0
SA-IL 389.1 | 360.5 | 321.7 | 3352 | 336.7 | 339.7 | 376.2 | 400.1 | 959.7 | 883.3 | 783.5 | 815.7 | 819.5 | 826.6 | 918.6 | 980.4
5A-IN 915.0 | 839.0 | 819.8 | 786.3 | 755.9 | 739.6 | 613.8 | 527.0 | 2310.4 | 2110.1 | 2058.9 | 1971.7 | 1894.6 | 1852.5 | 1525.8 | 1304.0
5A-KS 591.8 | 464.4 | 411.3 | 4352 | 406.6 | 368.2 | 280.3 | 283.6 | 1481.1 | 1146.9 | 1009.6 | 1069.8 | 996.9 | 9013 | 676.2 | 6853
5A-MA 326.2 | 246.2 | 214.3 | 207.6 | 201.4 | 201.0 | 177.8 | 166.4 | 795.7 | 594.2 | 513.8 | 496.7 | 479.2 | 477.6 | 4164 | 3869
5A-MD 2749 | 271.2 | 237.9 | 248.6 | 301.6 | 253.6 | 176.6 | 207.1 | 662.5 | 658.7 | 573.8 | 600.9 | 7369 | 610.2 | 4114 | 489.7
SA-MI 664.6 | 583.1 | 435.4 | 417.7 | 400.5 | 383.6 | 346.5 | 271.4 | 1663.8 | 1451.3 | 1067.3 | 1022.0 | 978.4 | 935.1 | 840.5 | 650.7
5A-MO 916.8 | 920.5 | 735.7 | 729.8 | 714.9 | 690.8 | 601.1 | 539.4 | 2308.0 | 2315.4 | 1837.3 | 1822.1 | 1784.8 | 1722.9 | 1490.1 | 1329.5
5A-NC 456.8 | 486.3 | 458.5 | 443.2 | 416.0 | 317.8 | 250.2 | 216.2 | 1132.2 | 1207.1 | 1135.5 | 1095.6 | 10243 | 769.6 | 595.5 | 509.9
5A-NE 469.2 | 464.9 | 400.8 | 465.8 | 395.0 | 297.4 | 250.6 | 205.0 | 1173.7 | 1159.5 | 988.0 | 1152.5 | 974.4 | 723.8 | 604.5 | 4858
5A-NH 121.8 | 106.5 | 114.4 | 123.0 | 101.0 | 106.8 | 92.3 | 90.2 | 274.0 | 233.2 | 2542 | 2764 | 2184 | 232.7 | 194.6 | 188.6
5A-NJ 3542 | 323.5 | 290.4 | 283.0 | 314.9 | 324.6 | 3482 | 345.1 | 865.7 | 788.2 | 704.1 | 684.6 | 766.8 | 792.1 | 852.8 | 844.8
SA-NY 289.6 | 210.9 | 177.9 | 166.7 | 184.2 | 1749 | 172.8 | 170.0 | 704.0 | 500.9 | 416.1 | 3874 | 432.0 | 407.1 | 401.5 | 393.0
5A-OH 709.4 | 727.8 | 693.6 | 622.8 | 612.8 | 556.7 | 507.1 | 408.1 | 1777.9 | 1823.5 | 1733.7 | 1552.3 | 1527.0 | 1383.4 | 1255.4 | 998.6
5A-PA 479.5 | 459.7 | 457.5 | 495.8 | 503.1 | 464.2 | 429.5 | 409.1 | 1191.2 | 1138.2 | 1132.3 | 1229.7 | 1247.7 | 1147.9 | 1059.2 | 1007.1
SA-RI 372.3 | 227.5 | 193.0 | 201.7 | 187.9 | 184.4 | 172.9 | 162.0 | 912.9 | 5454 | 4569 | 480.3 | 444.6 | 433.7 | 404.1 | 3754
5A-SD 2432 | 280.9 | 239.5 | 276.8 | 180.4 | 193.8 | 1754 | 919 | 5849 | 679.5 | 5763 | 671.7 | 421.9 | 456.0 | 410.2 192.6
5A-WV 636.6 | 715.9 | 678.9 | 550.5 | 455.5 | 349.0 | 289.4 | 308.5 | 1610.6 | 1812.5 | 1709.9 | 1389.1 | 1142.9 | 871.8 | 706.8 | 752.8
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Region Primary school Secondary school
(CZ-State) | 2022 | 2026 | 2030 | 2034 | 2038 | 2042 | 2046 | 2050 | 2022 | 2026 | 2030 | 2034 | 2038 | 2042 | 2046 | 2050
5B-AZ 411.3 | 396.6 | 323.6 | 315.8 | 275.4 | 270.2 | 243.4 | 244.2 | 1082.1 | 1041.3 | 842.6 | 821.3 | 712.0 | 6974 | 624.7 | 627.2
5B-CA 246.1 | 217.9 | 1942 | 185.6 | 171.5 | 159.3 | 142.8 | 142.5 | 6334 | 556.6 | 492.4 | 469.2 | 431.0 | 397.6 | 353.3 | 352.6
5B-CO 633.9 | 609.7 | 528.6 | 4982 | 475.6 | 396.3 | 312.4 | 279.5 | 1689.9 | 1620.4 | 1401.6 | 1318.2 | 1257.8 | 1039.8 | 8164 | 7287
5B-ID 123.1 | 116.2 | 101.5 | 149.0 | 151.8 | 161.2 | 193.0 | 180.6 | 301.9 | 283.3 | 243.7 | 371.3 | 376.5 | 401.6 | 487.2 | 4543
5B-NM 709.7 | 746.7 | 689.7 | 629.1 | 422.9 | 386.7 | 231.6 | 206.7 | 1893.7 | 1990.8 | 1836.6 | 1673.8 | 1119.7 | 1022.9 | 601.8 | 534.9
5B-NV 333.8 | 340.9 | 292.6 | 291.9 | 250.2 | 254.9 | 225.1 | 211.5 | 870.8 | 890.5 | 759.8 | 757.9 | 644.7 | 657.1 | 5753 | 539.4
5B-OR 187.0 | 148.7 | 137.5 | 133.2 | 117.3 | 127.4 | 1254 | 107.1 | 475.5 | 371.7 | 3412 | 329.2 | 286.1 | 313.5 | 308.2 | 2583
5B-UT 830.6 | 763.0 | 768.4 | 744.8 | 674.8 | 700.7 | 699.3 | 578.8 | 2212.3 | 2026.9 | 2041.1 | 1975.1 | 1781.8 | 1851.6 | 1852.0 | 1523.1
5B-WA 992 | 83.8 | 80.8 | 81.3 | 77.6 | 81.6 | 854 | 735 | 238.0 | 196.8 | 188.7 | 190.2 | 180.2 | 191.0 | 201.1 | 169.4
5B-WY 833.6 | 893.0 | 830.0 | 701.7 | 651.3 | 556.9 | 508.6 | 342.8 | 2231.3 | 2390.1 | 2221.0 | 1875.7 | 1739.5 | 1485.7 | 1356.3 | 908.0
6A-TA 679.1 | 664.8 | 642.3 | 596.3 | 478.6 | 434.4 | 340.3 | 292.1 | 1722.7 | 1681.3 | 1620.9 | 1496.5 | 11942 | 1075.5 | 8344 | 710.5
6A-ME 227.5 | 183.6 | 183.1 | 1954 | 205.2 | 240.4 | 221.8 | 192.7 | 543.3 | 431.8 | 430.0 | 461.3 | 486.5 | 578.0 | 528.6 | 452.2
6A-MI 700.5 | 615.7 | 462.9 | 444.8 | 426.9 | 409.2 | 371.8 | 295.2 | 1772.7 | 1548.6 | 1144.2 | 1097.9 | 1051.9 | 1005.2 | 909.2 | 713.6
6A-MN 443.6 | 402.8 | 331.3 | 268.8 | 270.6 | 258.3 | 212.7 | 158.6 | 1105.6 | 999.5 | 809.7 | 646.8 | 651.5 | 619.1 502.7 | 362.1
6A-ND 608.0 | 659.3 | 606.4 | 628.7 | 533.5 | 470.7 | 369.8 | 273.7 | 1540.5 | 1669.5 | 1530.7 | 1586.3 | 1338.0 | 1173.4| 9122 | 664.7
6A-NH 141.0 | 125.1 | 133.0 | 141.3 | 119.6 | 1253 | 110.7 | 108.4| 3214 | 278.1 | 299.4 | 3209 | 262.7 | 277.3 | 238.0 | 2315
6A-NY 313.3 | 2325 | 198.7 | 187.3 | 205.0 | 195.4 | 1932 | 190.2| 768.1 | 556.7 | 468.5 | 439.2 | 484.4 | 4584 | 4525 | 4432
6A-PA 509.4 | 488.7 | 486.4 | 525.8 | 533.5 | 493.3 | 457.4 | 436.4 | 1278.3 | 1221.8 | 1215.5 | 1317.1 | 1336.2 | 1231.9 | 1138.7 | 1084.4
6A-SD 266.3 | 304.3 | 263.1 | 299.8 | 203.1 | 214.5 | 197.6 | 110.6| 646.7 | 7439 | 6404 | 7329 | 481.1 | 509.7 | 467.6 | 237.1
6A-VT 102.9 | 102.9 | 102.9 | 102.9 | 168.6 | 189.5 | 181.4 | 177.2| 216.7 | 216.7 | 216.7 | 216.7 | 387.1 | 441.0 | 421.0 | 409.9
6A-WI 755.0 | 782.4 | 741.8 | 652.0 | 623.0 | 571.6 | 508.6 | 464.9 | 1913.9 | 1982.6 | 1871.1 | 1630.2 | 1556.2 | 1421.3 | 1261.1 | 1151.1
6B-CA 271.8 | 245.6 | 2232 | 215.0 | 201.6 | 189.9 | 174.0 | 173.8| 657.3 | 587.5 | 528.1 | 506.4 | 4709 | 439.6 | 397.8 | 3975
6B-CO 639.4 | 617.6 | 541.2 | 513.0 | 491.7 | 417.2 | 336.5 | 305.6 | 1638.0 | 1576.4 | 13742 | 1298.7 | 1242.8 | 1042.7| 832.3 | 752.2
6B-ID 153.0 | 146.8 | 133.1 | 179.7 | 183.5 | 192.7 | 223.8 | 212.3 | 3443 | 328.0 | 2922 | 4152 | 423.1 | 4472 | 529.7 | 499.9
6B-MT 280.3 | 530.5 | 513.2 | 495.1 | 448.1 | 359.0 | 334.3 | 282.7 | 680.8 | 1343.9 | 1299.6 | 12522 | 1128.5 | 894.6 | 831.5 | 695.1
6B-UT 827.9 | 763.3 | 770.6 | 750.1 | 685.8 | 710.0 | 706.5 | 593.6 | 2127.4 | 1953.3 | 1971.8 | 1916.4 | 1741.8 | 1804.9 | 1800.4 | 1498.5
6B-WA 130.7 | 116.0 | 113.2 | 113.9 | 110.1 | 114.0 | 117.7 | 106.1 | 286.0 | 247.6 | 240.0 | 241.9 | 232.1 | 2425 | 2522 | 221.7
6B-WY 832.0 | 888.2 | 829.9 | 708.1 | 660.7 | 570.5 | 524.2 | 365.6 | 2152.3 | 2298.7 | 2146.3 | 1825.8 | 1700.8 | 1463.1 | 1341.8| 921.6
7-CO 690.0 | 667.2 | 590.2 | 560.6 | 539.3 | 463.7 | 381.1 | 349.2 | 1682.6 | 1620.0 | 1422.7 | 13458 | 1291.5 | 1095.2| 885.6 | 805.1
7-ME 247.9 | 2069 | 206.5 | 217.7 | 227.4 | 260.2 | 243.2 | 216.3 | 548.4 | 4451 | 443.6 | 471.8 | 496.3 580.5 | 536.2 | 466.3
7-MI 688.7 | 611.1 | 471.3 | 4543 | 437.3 | 421.0 | 385.6 | 312.9 | 1680.7 | 1477.7 | 1112.0 | 1068.6 | 1025.7 | 982.8 | 893.4 | 709.7
7-MN 449.8 | 411.9 | 346.0 | 288.3 | 290.0 | 278.6 | 235.9 | 184.2| 1068.6 | 970.1 | 796.7 | 648.6 | 6532 | 623.2 | 5159 | 3829
7-ND 601.7 | 650.0 | 601.7 | 622.8 | 535.5 | 477.7 | 3832 | 292.0 | 1464.9 | 1585.2 | 1459.2 | 1511.2 | 1286.5 | 1137.8| 895.7 | 662.9
7-W1 7404 | 766.5 | 731.2 | 650.1 | 622.9 | 574.7 | 515.4 | 473.6 | 1813.4 | 1877.6 | 1780.6 | 1565.1 | 1496.2 | 1372.1 | 1223.2 | 11185
7-WY 883.6 | 941.3 | 881.2 | 756.5 | 707.8 | 615.3 | 567.6 | 407.0 | 2181.3 | 2327.8 | 2174.7 | 1855.7 | 1731.4 | 1495.0 | 1374.0 | 961.6
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