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Abstract 
Constant CO2 emission factors of electricity are often 
used to study the emissions of buildings. However, in the 
era of increased renewable energy for power generation, 
emission factors of electricity are dynamically changing. 
This study is to investigate the impact of dynamic CO2 
emission factors, which are more realistic than constant 
ones, on the emission reductions due to building retrofits. 
The results reveal that if dynamic CO2 emission factors 
are used for U.S. medium office buildings, improving the 
efficiency of lighting or electric equipment will lead to 
more emission reductions in locations with high wind 
power penetration (e.g., 12% more reductions in 
Rochester) and fewer reductions in locations with high 
solar power penetration (e.g., 8% fewer reductions in 
San Diego). As for improving envelope insulation, 
dynamic CO2 emission factors have more impact on the 
emission reductions in hot climates than in cold climates. 

1. Introduction
Buildings account for approximately 36% of energy-
related CO2 emissions in the United States (U.S.) (EIA, 
2022). Furthermore, current research shows that many 
existing buildings have poor energy performance 
(Santos et al., 2013; Wakili et al., 2014) and most of the 
existing buildings will still be used until 2050 (Ürge-
Vorsatz et al., 2007). Therefore, there is great potential 
in the building sector to reduce emissions. Langevin et 
al. (2019) claimed that this potential can be as large as 
80% reductions relative to 2005 levels by 2050. Kneifel 
(2010) also predicted that conventional energy 
efficiency technologies reduce a building’s CO2 
emissions by 16% on average. 
Much existing research has studied the CO2 emissions of 
buildings from different perspectives, including total 
emissions of buildings (Kumanayake & Luo, 2018; Li et 
al., 2019; Röck et al., 2020; Ruuska & Häkkinen, 2015), 
life-cycle emission reductions due to building retrofit 
measures (Kneifel, 2010; Rabani et al., 2021; Shirazi & 

Ashuri, 2020), and strategy of selecting building retrofit 
measures from emissions perspective (Garriga et al., 
2020; Murray et al., 2020; Niemelä et al., 2017). When 
calculating the emissions of buildings, these existing 
studies simplified the emission factor of electricity by 
using a constant emission factor. For example, an 
average emission factor of electricity in the last five 
years in Finland was used by Niemelä et al. (2017) to 
investigate cost-optimal emission reduction measures. 
An average emission factor of electricity in past few 
years in Hong Kong was used by Huang et al. (2012) to 
analyze the emission payback periods of external 
overhang shading. 
However, the emission factor of electricity is 
dynamically changing, especially in areas with high 
renewable energy penetrations. For example, the 
emission factor of electricity is lower during daytime 
than nighttime in locations with high solar power 
penetration. The electricity consumption in buildings 
occurs at different times of the day and even at different 
times of the year. If using a constant emission factor to 
estimate the emissions of buildings in the era of 
increased renewable power generation, it would cause 
estimation bias. Based on our literature review, the 
impact of the dynamic emission factor of electricity on 
the emission reductions due to building retrofit has not 
been investigated yet. Although we used dynamically 
changing emission factors for building retrofit analysis 
in our recent research (Lou et al., 2021; Lou et al., 2021), 
the impact of dynamic CO2 emission factors has not been 
quantitively investigated yet. 
This study aims to quantify the impact of dynamic CO2 
emission factors on the emission reductions due to 
building retrofit. The remainder of this paper is 
structured as follows. Section 2 introduces the research 
methodology. Section 3 presents the study design from 
three perspectives: building energy models, investigated 
locations, and examined building retrofit measures. 
Section 4 discusses the difference in emission reductions 
between using dynamic CO2 emission factors of 
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electricity and a constant annual factor. Lastly, Section 5 
concludes with the findings of this paper. 

2. Methodology
The impact of dynamic CO2 emission factors of 
electricity on the emission reductions due to building 
retrofit is quantitively analyzed using the relative 
difference in emission reductions compared with using a 
constant annual emission factor. The relative difference 
(𝐷𝐷𝑖𝑖 ) in emission reductions due to building retrofit 
measure 𝑖𝑖  by using dynamic emission factors can be 
expressed as follows: 

𝐷𝐷𝑖𝑖 = (𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖 − 𝐶𝐶𝑐𝑐𝑐𝑐𝑑𝑑,𝑖𝑖)/𝐶𝐶𝑐𝑐𝑐𝑐𝑑𝑑,𝑖𝑖, (1) 

where 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖  is the total emission reductions by using 
dynamic emission factors of electricity;𝐶𝐶𝑐𝑐𝑐𝑐𝑑𝑑,𝑖𝑖 is the total 
emission reductions by using a constant annual emission 
factor. 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖  can be obtained using equation (2) and 
𝐶𝐶𝑐𝑐𝑐𝑐𝑑𝑑,𝑖𝑖 can be obtained using equation (3). 
This study considers electricity and natural gas for the 
energy consumption of buildings because these two are 
the most common energy sources used in commercial 
buildings in the U.S., which accounts for 93% (EIA, 
2018). Therefore, 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖  includes emission reductions 
from reduced electricity consumption and reduced 
natural gas consumption, which can be expressed as 
follows: 

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖 = ∑ [(𝐸𝐸𝑖𝑖,𝑡𝑡 − 𝐸𝐸0,𝑡𝑡) × 𝐹𝐹𝐹𝐹𝑡𝑡 + (𝑁𝑁𝑖𝑖,𝑡𝑡 −𝑑𝑑
𝑡𝑡=1

𝑁𝑁0,𝑡𝑡) × 𝐹𝐹𝐹𝐹)],  
(2) 

where 𝐹𝐹  is the total number of hours in the analysis 
period; 𝐸𝐸𝑖𝑖,𝑡𝑡  is electricity consumption at time 𝑡𝑡 for the 
building with retrofit measure 𝑖𝑖 ; 𝐸𝐸0,𝑡𝑡  is electricity 
consumption at time 𝑡𝑡 for the building without retrofits; 
𝐹𝐹𝐹𝐹𝑡𝑡 is the dynamic emission factor of electricity at time 
𝑡𝑡 . In this research, the timestep is one hour, and the 
emission factor of electricity during each hour is 
considered constant. 𝑁𝑁𝑖𝑖,𝑡𝑡  is natural gas consumption at 
time 𝑡𝑡  for the building with retrofit measure 𝑖𝑖 ; 𝑁𝑁𝑐𝑐,𝑡𝑡  is 
natural gas consumption at time 𝑡𝑡  for the building 
without retrofits; 𝐹𝐹𝐹𝐹 is the emission factor of natural gas, 
which is a constant value. 
If a constant annual emission factor is used for the 
emission reduction analysis, the annual energy saving is 
used for calculating emission reductions, as expressed in 
the following equation: 

𝐶𝐶𝑐𝑐𝑐𝑐𝑑𝑑,𝑖𝑖 = (𝐸𝐸𝑖𝑖 − 𝐸𝐸0) × 𝐹𝐹𝐹𝐹 + (𝑁𝑁𝑖𝑖 − 𝑁𝑁0) × 𝐹𝐹𝐹𝐹, (3) 

where 𝐸𝐸𝑖𝑖 is electricity consumption in one year for the 
building with retrofit measure 𝑖𝑖 ; 𝐸𝐸0  is electricity 
consumption in one year for the building without retrofit; 
𝐹𝐹𝐹𝐹 is a constant annual electricity emission factor; 𝑁𝑁𝑖𝑖 is 

natural gas consumption in one year for the building with 
measure 𝑖𝑖; 𝑁𝑁0 is natural gas consumption in one year for 
the building without retrofit; 𝐹𝐹𝐹𝐹 is the emission factor of 
natural gas. To make 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖  and 𝐶𝐶𝑐𝑐𝑐𝑐𝑑𝑑,𝑖𝑖  comparable, the 
constant annual emission factor (𝐹𝐹𝐹𝐹 ) is obtained by 
averaging the dynamic emission factors in that year, as 
expressed in the following equation: 

𝐹𝐹𝐹𝐹 = ∑ 𝐹𝐹𝐹𝐹𝑡𝑡𝑛𝑛
𝑡𝑡=1
𝑑𝑑

, (4) 

where 𝐹𝐹  is the total number of hours in the analysis 
period; 𝐹𝐹𝐹𝐹𝑡𝑡 is the emission factor of electricity at time 𝑡𝑡. 
The data required for equations (1) – (4) is explained as 
follows: (1) the consumption of electricity (𝐸𝐸𝑖𝑖,𝑡𝑡 and 𝐸𝐸0,𝑡𝑡) 
and natural gas (𝑁𝑁𝑖𝑖,𝑡𝑡 and 𝑁𝑁𝑐𝑐,𝑡𝑡) are predicted by running 
building energy models; (2) CO2 emission factors of 
electricity ( 𝐹𝐹𝐹𝐹𝑡𝑡 ) are obtained from the National 
Renewable Energy Laboratory (NREL)’s Cambium data 
(NREL, 2020); and (3) CO2 emission factor of natural 
gas (𝐹𝐹𝐹𝐹) is a constant value, which is 50.15 kg/GJ (EIA, 
2021). 

3. Study Design
3.1. Building energy models
The U.S. medium office buildings are selected as an 
example in this study and the U.S. Department of Energy 
(DOE) commercial prototype building models (DOE, 
2021a) are used as a starting point for energy prediction. 
The total floor area of this medium office prototype 
building is 4,980 m2 with a 33% window-to-wall ratio. 
This model uses steel-frame exterior walls and insulation 
entirely above the deck roof. In this medium office 
prototype building model, natural gas is used for space 
heating and service water heating. Electricity is used for 
others, such as space cooling and reheating, electric 
equipment, and lighting. The schedules of occupancy, 
electric equipment, and lighting on one weekday in this 
medium office are shown in Figure 1. Most occupants 
stay at offices during 8:00 – 17:00 and some of them 
leave offices for lunch during 12:00 – 13:00. Electric 
equipment and lights mainly operate during 8:00 – 17:00. 
A little electric equipment is turned off during the lunch 
break, but lights are not impacted by the lunch break. 
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Figure 1 Schedules of occupancy, equipment, and 
lighting on one weekday in the medium office building 

Figure 2 shows schedules of heating and cooling setpoint 
temperature in this medium office building. Both heating 
and cooling start operation from 5:00 and reach the 
maximum value at 7:00. The maximum setpoint 
temperature value keeps from 7:00 – 22:00. 

Figure 2 Schedules of heating and cooling setpoint 
temperature in the medium office building 

3.2. Locations 
Six locations with different climate features and 
renewable energy penetration in the U.S. are investigated 
in this research: (1) Tampa, Florida; (2) Tucson, 
Arizona; (3) San Diego, California; (4) Denver, 
Colorado; (5) New York, New York; and (6) Rochester, 
New York. Figure 3 shows that the climate features 
(DOE, 2021b) of these six locations varied from hot to 
cold. Furthermore, the renewable energy adoption 
(NREL, 2020)  in these six locations has its own 
characteristics: Tampa has little renewable energy; 
Tucson has plenty of nuclear power; San Diego has more 
solar power than the other five locations; Denver and 
Rochester have abundant wind power; New York has 
more hydropower than the other five locations. 

Figure 3 Locations in this study and their electricity 
composition in 2020 

This study selected June 21st and December 21st for 
detailed analysis because these two days is the typical 
summer day and winter day, respectively (Wikipedia, 
2022). Meanwhile, these two days are weekdays, and the 
office building is occupied. Figure 4 shows the dynamic 
CO2 emission factors of electricity (NREL, 2020) on 
these two typical days. On the summer day, the emission 
factors of electricity are higher during the daytime than 
the nighttime in Denver, Rochester, and New York; they 
are lower during the daytime than the nighttime in 
Tucson and San Diego; they are relatively constant in 
Tampa. On the winter day, the emission factors are lower 
during the daytime than the nighttime in Tucson and San 
Diego, and they are relatively constant in the other four 
locations. 

Figure 4 Dynamic CO2 emission factors of electricity 
on two typical days 

3.3. Building retrofit measures 
Existing research (Lou et al., 2021; Lou et al., 2021; Ye 
et al., 2020) shows that improving the efficiency of 
lighting and electric equipment are two building retrofit 
measures that have great potential to reduce emissions of 
commercial buildings. This study examined these two 
measures, and further examined two other measures 
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related to insulation: adding wall insulation and adding 
roof insulation, as shown in Table 1. These four 
measures are examined individually because the 
objective of this research is to investigate the impact of 
dynamic CO2 emission factors on emission reductions 
for different measures and locations. 

Table 1 Examined building retrofit measures 
Building Retrofit Measure Abbreviation 

Add wall insulation WALL 
Add roof insulation ROOF 
Improve lighting efficiency LIGHT 
Improve electric equipment efficiency EQUIP 

The model input values of baseline buildings are based 
on ASHRAE Standard 90.1-2013 (ASHRAE, 2013). The 
model input values of retrofitted buildings are based on 
the Advanced Energy Design Guide 50% Energy 
Savings (ASHRAE, 2014). Table 2 presents the model 
input values of baseline buildings and retrofitted 
buildings. Four building energy models are created 
separately in each location to represent these four retrofit 
measures. As a result, there are 30 building energy 
models (6 locations × (1 baseline model + 4 retrofit 
models)) in this study. 

Table 2 Model input values of baseline buildings and 
retrofitted buildings 

Abbreviation WALL ROOF LIGHT EQUIP 

Model Input 
Wall 

insulation 
R-value 

Roof 
insulation 
R-value 

Lighting 
power 
density 

Plug 
load 

density 
Unit m2-K/W m2-K/W W/m2 W/m2 

Tampa Base1 1.71 4.32 8.86 8.07 
Retr2 2.75 4.52 8.07 5.92 

Tucson Base1 1.71 4.32 8.86 8.07 
Retr2 2.75 4.52 8.07 5.92 

San 
Diego 

Base1 1.90 4.32 8.86 8.07 
Retr2 2.75 4.52 8.07 5.92 

New 
York 

Base1 2.37 5.31 8.86 8.07 
Retr2 2.75 5.50 8.07 5.92 

Denver Base1 2.82 5.31 8.86 8.07 
Retr2 4.19 5.50 8.07 5.92 

Rochester Base1 3.21 5.31 8.86 8.07 
Retr2 4.76 5.50 8.07 5.92 

1 Base: Baseline model 
2 Retr: Retrofit model 

4. Result and Discussion
This section first presents the energy savings by adopting 
individual building retrofit measures in six studied 
locations (subsection 4.1). Then, subsection 4.2 shows 
realistic emission reductions. Retrofit measures EQUIP 
and WALL are used as two examples to illustrate the 
energy savings and emission reductions. Finally, 
subsection 4.3 discusses the difference in emission 
reductions between using dynamic CO2 emission factors 
of electricity and a constant annual factor.  

4.1. Energy reduction 
Figure 5 shows that the reductions in electricity 
consumption by adopting EQUIP are higher than 
WALL. EQUP leads to more electricity reductions on 
the summer day than on the winter day, especially in cold 
climate locations (e.g., Rochester). However, WALL 
leads to more electricity reductions on the winter day in 
cold climate locations and more electricity reductions on 
the summer day in cold climate locations. The following 
two paragraphs explain these seasonal features. 

(a) 

(b) 
Figure 5 Reductions in electricity consumption by 

adopting (a) EQUIP and (b) WALL 
By improving the efficiency of electric equipment, 
EQUIP reduces electricity consumption. Meanwhile, it 
reduces the heat released from the equipment. Therefore, 
EQUIP reduces cooling loads but increases heating loads. 
As a result, the electricity reductions by adopting EQUIP 
are enhanced on the summer day by further reducing the 
electricity used for cooling. But the electricity reductions 
by adopting EQUIP are weakened on the winter day by 
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further increasing the electricity used for reheating, 
especially in cold climate locations. 
WALL reduces both cooling loads and heating loads by 
improving the insulation of the envelope. Therefore, in 
cold climate locations, it reduces more electricity 
consumption for reheating on the winter day due to large 
heating needs in these locations. But in hot climate 
locations, it reduces more electricity consumption for 
cooling on summer day due to large cooling needs. 
Figure 6 shows that EQUIP increases the consumption 
of natural gas but WALL reduces its consumption. As 
discussed before, EQUIP increases heating loads but 
WALL reduces heating loads. Therefore, EQUIP 
increases the natural gas consumption for heating due to 
reduced heat release from equipment. On the contrary, 
WALL can reduce natural gas consumption by reducing 
heat leakage through the envelope. 

(a) 

(b) 
Figure 6 Reductions in natural gas consumption by 

adopting (a) EQUIP and (b) WALL 

4.2. Realistic emission reduction 
By applying the predicted energy savings (subsection 
4.1) and emission factors of electricity and natural gas to 
equation (2), realistic CO2 emission reductions can be 
calculated. Figure 7 shows the realistic emission 
reductions on two typical days by adopting EQUIP and 
WALL. There are three notable phenomena: 

(a) 

     (b) 
Figure 7 Realistic CO2 emission reductions by adopting 

(a) EQUIP and (b) WALL
First, EQUIP leads to significantly higher emission 
reductions in Denver than in the other five locations on 
the summer day, while San Diego has significantly lower 
reductions. The main reason for this phenomenon is the 
difference in emission factors. The reductions in 
electricity and natural gas consumption are similar in 
these six locations on the summer day, as shown in 
Figure 5 and Figure 6. However, Denver has the highest 
emission factors of electricity on the summer day 
because a large amount of coal and natural gas is used 
for electricity generation, while San Diego has the lowest 
factors due to the high penetration of solar power. Thus, 
on the summer day, the highest emission reductions 
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occur in Denver and the lowest emission reductions 
occur in San Diego. 
Second, EQUIP leads to the highest emission reductions 
in Tampa on the winter day and it leads to the lowest 
reductions in New York. This is a combined effect of 
energy savings and renewable energy adoption rate. 
From the energy-saving perspective, Tampa and Tucson 
have more potential for emission reductions because 
there are more electricity reductions and less natural gas 
increases in these two locations, as shown in Figure 5 
and Figure 6. However, the emission factors of 
electricity in Tampa are higher than in Tucson on the 
winter day due to more natural gas used for electricity 
generation (Figure 3). As a result, Tampa has the highest 
emission reductions. From the energy-saving 
perspective, Rochester and New York have fewer 
emission reduction potential because there are less 
electricity reductions and more natural gas increases in 
these two locations. However, the emission factors of 
electricity in Rochester are higher than in New York due 
to more coal used for electricity generation (Figure 3). 
As a result, New York has the lowest emission 
reductions. 
Third, on the summer day, WALL leads to significantly 
higher emission reductions in Tampa and Tucson than in 
the other four locations due to their larger cooling needs. 
But on the winter day, it leads to significantly higher 
reductions in Rochester than in the other five locations 
due to its larger heating needs. 

4.3. Difference in CO2 emission reductions 
Figure 8 shows the relative difference in emission 
reductions between using dynamic emission factors of 
electricity and using a constant factor. Solar and wind are 
two major renewable energy sources that lead to these 
differences. Because the emission factors of electricity 
varied significantly between the daytime and the 
nighttime in locations with high solar or wind power 
generation. 
If dynamic CO2 emission factors are used, EQUIP and 
LIGHT will lead to fewer emission reductions in 
locations with high solar power penetration. The 
emission factors of electricity in these locations are 
lower during the daytime than the nighttime since a large 
amount of electricity is generated by solar during the 
daytime with zero emissions. For example, San Diego 
has 21% solar power generation (Figure 3). Because the 
constant emission factor is obtained by averaging the 
dynamic emission factors in one year, the constant 
emission factor is higher than dynamic emission factors 
during the daytime. Meanwhile, the energy savings by 
adopting LIGHT and EQUIP mainly occur during the 
daytime (Figure 5). Therefore, if dynamic emission 
factors of electricity are used, the estimated emission 

reductions would be lower than using a constant annual 
emission factor.  
On the other hand, EQUIP and LIGHT will lead to more 
emission reductions in locations with high wind power 
penetration. The emission factors of electricity in these 
locations are higher during the daytime than the 
nighttime because the wind is weaker during the daytime 
than nighttime (Van den Berg, 2004). For example, 
Rochester has 24% wind power generation (Figure 3). 
Thus, dynamic emission factors during the daytime are 
higher than the constant annual emission factor. As a 
result, the estimated emission reductions by using 
dynamic emission factors of electricity are higher than 
using a constant annual factor. 
For the retrofit measures WALL and ROOF, the 
difference in emission reductions is larger in hot climates 
than in cold climates. Figure 8 shows that this difference 
is larger in Tampa, Tucson, and San Diego than that in 
the other three locations. Adding insulation to wall and 
roof reduces energy consumed for heating and cooling. 
Cooling loads are higher than heating loads in hot 
climates, while cooling loads are lower than heating 
loads in cold climates. Meanwhile, electricity is used for 
cooling and natural gas is used for heating in this study. 
Because the emission factors of electricity are 
dynamically changing while the emission factor of 
natural gas is constant, the impact of dynamic CO2 
emission factors on the emission reductions is more 
significant in hot climates than cold climates. 

Figure 8 Relative difference in CO2 emission reductions 

5. Conclusion
This study investigated the impact of dynamic CO2 
emission factors, which are more realistic than constant 
ones, on the emission reductions due to building retrofit. 
The results of this study provided a reference for the 
research on building emission analysis. Based on the 
results of this study, dynamic emission factors are highly 
recommended for medium office buildings in the 
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analysis of emission reductions for (1) improving the 
efficiency of lighting or electric equipment in locations 
with high solar or wind power generation and (2) adding 
wall or roof insulation in hot climate locations. 
The method of predicting realistic CO2 emission 
reductions due to building retrofit can be applied to other 
retrofit measures and locations. Using this method, 
realistic emission reductions can be predicted by 
providing retrofit measures, predicted energy savings, 
and expected emission factors. This study examined each 
building retrofit measure individually. Future research 
can examine the combined effect of various retrofit 
measures. 
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