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1 Abstract 

This paper and accompanying model quantify the relationship between temperature and 

electricity demand and the resulting economic and emissions impacts in several U.S. cities. This 

relationship, determined using local weather and electricity demand data for given cities, is 

unique to each city, though the same method can be applied from one to another. This 

information will be applied to the Smart Surfaces Coalition (SSC) Cost-Benefit Analytic Engine 

and provides a new outlook on how cities are affected by and can mitigate climate change. 

2 Introduction 

To best understand the purpose of this research, background knowledge may be necessary. 

Context on the threat of climate change faced by cities, the definition of Smart Surfaces, and the 

role of this research are described in this section. 

2.1 Climate change threatens to heat cities 

More and more cities are becoming intolerably hot in the summer, and in the coming years are 

increasingly at risk of becoming unlivable due to more extreme summer temperatures. This is in 

large part because most cities have been covered with dark, heat-absorbing, impervious surfaces, 

such as asphalt parking lots and dark roofs, resulting in higher peak temperatures, higher energy 

bills, worsened flooding, and increased air pollution. Summers are now commonly 9°F hotter in 

cities than the surrounding countryside, an effect commonly referred to as the urban heat island. 

The impact is usually even worse in lower-income neighborhoods, which generally have even 

fewer trees and darker surfaces, with temperatures often 10°F hotter than wealthy neighborhoods 

with more trees. 

Climate change is making cities even hotter. Under current projections, many cities will 

experience a tripling of extremely hot summer days by 2050. A National Academy of Sciences 

report warns that the mean human-experienced temperature rise by 2070 will amount to an 

estimated 13° Fahrenheit. And it warns that “in the absence of migration, by 2070 one third of 

the global population is projected to experience [summer heat of] 29 °C, currently found in only 

0.8% of the Earth’s land surface, mostly concentrated in the Sahara.”1 Unless city policies and 

the pace of global warming change, many cities will become too hot in the summer for humans 

to survive for prolonged periods outside—or in buildings without adequate air conditioning. 

The recent surges in extreme heat in traditionally cool places Seattle, Portland and much of 

Canada has led to hundreds of excess heat deaths in a few days and a rush to buy air conditioners 

(AC) where air conditioning has historically never been needed. This surge in urban AC demand 

https://smartsurfacescoalition.org/
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raises the terrifying threat of an urban accelerating heat loop that will make urban heating and 

climate change even worse. 

If AC does increase as projected (from 1.6 billion units now to about 5.6 billion units globally by 

2050), this would increase warming by 0.5°C just from increased electricity use.2 But the climate 

impact would be much larger, as AC units use and leak greenhouse gasses that are potent 

accelerants of global warming. Large increases in air conditioners would also mean more AC 

heat dumped outside onto streets, potentially increasing city temperatures by an additional 2°F, 

further increasing air conditioning loads. And in multi-storied building, dumped heat from 

operating AC units preheats air drawn in by air conditioners units above, making them less 

efficient and in turn requiring more AC units operating at fuller capacity more of the time, in turn 

increasing heat rejection outside. Unfortunately, this self-reinforcing urban overheating is the 

future of business as usual. 

2.2 Smart Surfaces are a solution to cool cities 

To avoid this nightmare scenario, cities must make themselves cooler, and global warming must 

be slowed. The only strategy available that both cools cities and slows global warming is 

adoption of Smart Surfaces—surfaces that are reflective, porous and green (such as cool or green 

roofs or reflective parking lots) along with trees and solar photovoltaic panels (PV). It is 

therefore important to understand the potential and cost-effectiveness of Smart Surfaces for 

cooling cities and slowing global warming.  

The Smart Surfaces Coalition of leading health, planning, architecture, city policy, energy, 

affordable housing, energy, and other organizations is dedicated to supporting expanded 

adoption of Smart Surfaces globally. Prior studies of potential city-wide Smart Surfaces adoption 

by El Paso, Philadelphia, Baltimore, and Washington DC demonstrated Smart Surfaces to be a 

cost-effective, city-wide strategy to address climate change mitigation and adaptation that would 

also improve equity and create jobs.3 

2.3 The role of this research 

The purpose of this research is to better quantify the effects of ambient temperature change on 

electricity demand in cities through a more holistic lens, which can better account for Smart 

Surfaces working in tandem. In doing so, this research not only improves and supports current 

SSC calculations, but reframes how cities, with Smart Surfaces, are affected by and fight climate 

change. 

Firstly, this research will be directly applied to SSC’s Cost-Benefit Analytic Engine to help 

better quantify as well as validate the existing methodology. Of all the Smart Surfaces quantified, 

each has its own related costs and benefits. Many of these surfaces, like cool and green roofs, 

decrease ambient air temperature. SSC currently has methods to model the expected ambient 

temperature change due to different levels of Smart Surface adoption.4 And while SSC also 

possesses multiple resources to quantify the cost and benefits of ambient temperature decrease, 

these sources take a bottom-up approach and must be used piecemeal for the various surfaces 

adopted.5 This new research provides a top-down alternative. Rather than summing the effects of 

individual buildings, this method strives to, without sacrificing complexity and precision, 

simplify, improve, and validate the methods used. A result, therefore, found using this model, 
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which is similar to previous SSC quantifications, highlights the validity of previous SSC work as 

well. 

Secondly, by examining cities from a bird’s-eye view, this method also creates a new perspective 

of the relationship between cities and climate change. After all, climate change in a city affects 

all facets of that city. Smart Surfaces, similarly, are at their best when adopted together and 

working in unison. A method like this describes the macroscopic effects of climate change on 

ambient temperature in cities and the impact that the widespread implementation of Smart 

Surfaces could have in mitigating that very same climate change. 

3 Data 

This section describes the data used for each of the methods (weather, demand, savings/costs, 

and emissions). The data is outlined in the table below (3.1 Summary table of data) by method, 

source, description, date(s), scope, and use. 

3.1 Summary table of data 

Method Source Description Date(s) Scope Use

Weather

Dry bulb temperature Visual Crossing Weather data drawn from NOAA 2016-2021 Daily Calculate wet bulb temperature

Relative humidity Visual Crossing Weather data drawn from NOAA 2016-2021 Daily Calculate wet bulb temperature

Demand

Electricity demand EIA Demand by balancing authority 2016-2021 Hourly Find % change in demand

Savings/costs

Electricity consumption and price EIA Electricity customers, consumption, and price 2019 Yearly Find savings/costs

Population Census Bureau Population by city and state 2019 Yearly Find savings/costs

Emissions

Electricity consumption EIA Electricity customers and consumption 2019 Yearly Find emissions

Population Census Bureau Population by city and state 2019 Yearly Find state averages

Emissions factors and GWPs EPA Emissions factor and GWP by gas 2018 Yearly Calculate emissions  

4 Methods 

To quantify the relationship between city-wide ambient temperature and electricity demand, 

methods were developed for weather data, electricity demand data, the savings or costs 

associated with the decrease or increase in temperature and demand, and the emissions connected 

with a decrease or increase in temperature and demand. Each of these four methods contained 

their own procedures. 

4.1 Weather data 

Weather data consisted of maximum dry bulb air temperature, relative humidity, and combining 

those two into a single variable—wet bulb temperature. Each of these sections had its own 

procedure and reasoning. 

4.1.1 Maximum wet bulb temperature 

To account for both the temperature and humidity, both of which influence human-experienced 

heat, maximum wet bulb temperature was used. According to the National Weather Service, “the 

temperature difference between the dry bulb and wet bulb, depends on the humidity of the air.” 

Dry bulb temperature and relative humidity combined, therefore, form wet bulb temperature. 
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For further reference, wet bulb temperature is also “always lower than the dry bulb temperature 

but will be identical with 100% relative humidity.”6 Maximum wet bulb temperature was used as 

it is a measurement of when a city is at its hottest, when temperature and humidity combined are 

at their highest. 

Wet bulb temperature was derived using an equation including dry bulb temperature and relative 

humidity. This equation was sourced from an article from the Journal for Applied Meteorology 

and Climatology.7 

4.2 Demand 

Demand data consisted of the original hourly data with some missing data, the corrected daily 

data, and graphing demand against maximum wet bulb temperature. Each of these sections had 

its own process. 

4.2.1 Original data 

Demand data for a city was based on the balancing authority which serves that city. For example, 

Seattle was based on Seattle City Light (SCL), and Tampa was based on Tampa Electric 

Company (TECO). Though, a balancing authority may serve more than one city or a region. 

This hourly data was then summed by day to create daily demand data which could be compared 

to the available daily maximum wet bulb temperature. 

4.2.2 Corrected data 

The original data was incomplete, as some hourly data points were missing. To ensure there was 

no underlying pattern to what data was missing, a correlation was run between whether data was 

present for each data point and each possible hour (0 - 23), day (1 - 31), month (1 - 12), and year 

(2016 - 2020), and there was no significant correlation found at all. Since the main difference in 

temperature and demand varies by hour, however, it is most important that no correlation 

between missing data and hours. An example distribution of the missing data by possible hours 

for a studied city, Tampa, can be seen at the end of this section (4.2.2.1). As is evident, there is 

no apparent pattern to the missing data. 

If left missing, these hourly data points would have resulted in much lower-than-expected daily 

demand when hourly data was summed by day to create daily demand data. To fill in these gaps, 

the average of the number of hours present for each day was extrapolated to assume that all 

hours were present. For days in which there was no missing data, the resulting daily total was the 

same. For days where there was missing data, the corrected resulting daily total was much closer 

to other similar days and the actual demand, had data not been missing. 
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4.2.2.1 Tampa missing data distribution for hours 
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4.2.3 Graphing demand vs. temperature 

Following the collection of data, a bivariate regression was performed between the demand data 

and maximum wet bulb temperature. A graph from a studied city illustrating this regression can 

be seen below (4.2.3.1). The expected demand for a given temperature was found by substituting 

a wet bulb temperature for x in the equations provided by the regressions. 

Lastly, percent change in demand for a given temperature change was found. This value 

represents the average yearly percent change in electricity demand for a whole city based upon a 

given change in wet bulb temperature across the whole city when electricity demand is 

increasing (referred to as “percent change in demand” from here on). As the line of best fit 

covered the whole range of temperatures, the model enables percent changes in demand to be 

found for both decreases and increases in temperature. For example, given graph 4.2.3.1 below, 

percent change in demand for Tampa could be found for a 5°C reduction in ambient maximum 

wet bulb air temperature from 30°C to 25°C. This process could be performed for any two other 

temperatures as well.  

4.2.3.1 Tampa demand vs. wet bulb temperature graph 
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4.3 Savings/costs 

Calculating the savings associated with reducing city-wide temperatures involved finding city-

wide consumption data (yearly total electricity consumed by a city), combining that consumption 

data with the percent change in demand, and solving for the dollar value. Each of these sections 

had its own tasks. 

4.3.1 Consumption data 

Since city-wide electricity consumption data was not available, the savings or costs were 

calculated using a state average for the state in which each city is in. Although the state average 

is not exact, it is the closest assumption that could be made for this secondary calculation. 

4.3.2 Combining with demand data 

The yearly consumption for each city was multiplied by the expected percent change in demand 

to solve for consumption that could be saved or added by the certain decrease or increase in 

temperature. 

4.3.3 Solving for dollars 

Expected consumption that could be added or saved was then multiplied by the average price. 

This work resulted in the yearly dollar value of savings or costs which could be expected by 

decreasing or increasing the ambient wet bulb temperature of the air in the city by a given 

amount. 

4.4 Emissions 

Calculating emissions consisted of finding city-wide consumption data, combining that 

consumption data with the percent change in demand, and solving for emissions from there. Each 

of these sections had its own parts. 

4.4.1 Consumption data 

Since city-wide electric consumption data was not available, the savings or costs were calculated 

using a state average for the state in which each city is in. Although the state average is not 

exact, it is the closest assumption that could be made for this secondary calculation. 

4.4.2 Combining with demand data 

Like finding savings/costs, the yearly consumption for each city was multiplied by the expected 

percent change in demand to solve for consumption that could be saved or added by the certain 

decrease or increase in temperature. 

4.4.3 Solving for emissions 

The expected consumption impact was used with emissions factors and global warming 

potentials to solve for total emissions. Thus, emissions calculations accounted for grid-specific 

carbon intensity. This work resulted in the yearly decrease or increase in tons of CO2 equivalent 
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which could be expected by decreasing or increasing the ambient wet bulb temperature of the air 

in the city by a given amount. Carbon intensity, however, is expected to decline over time, so 

this number should strictly be applied to today. 

5 Conclusion 

Findings from the model show notable results, potential applications for those results, and the 

necessity for future research. Based on the model, there is a clear and direct relationship between 

temperature and electricity demand and the economic and emissions impacts associated with that 

relationship.  

These findings support the application of this method to SSC’s Cost-Benefit Analytic Engine and 

promote a more holistic approach to the connection between climate change and cities. In the 

end, cities can decrease their costs and emissions by decreasing their overall temperature. The 

city-wide cooling impact of Smart Surfaces has a demonstrable positive climate mitigation and 

economic impact. 

5.1 Findings 

Findings for this model are described in terms of percent change in demand, as well as economic 

and emissions impacts. Outputs for each city are expressed in the Figure 5.1.1.1, Figure 5.1.2.1, 

and Figure 5.1.3.1. 

5.1.1 Percent change in demand 

For each given city, a percent change in demand was found. A summary of percent changes in 

demand for a -1°F ambient wet bulb temperature change in cities studied is presented in the table 

below (5.1.1.1 Percent change in demand table). 

5.1.1.1 Percent change in demand table 

City BA Climate Zone

IECC Climate Zone 

(1-8) 

IECC Moisture 

Regime

Average Demand 

∆

Washington, D.C. Mixed-Humid 4 A -1.94%

Tampa, FL Hot-Humid 2 A -3.00%

Seattle, WA Marine 4 C -1.79%

Boise, ID Cold 5 B -2.43%

Baltimore, MD Mixed-Humid 4 A -1.94%

Stockton, CA Hot-Dry 3 B -2.16%
8 

Economic impact 

For each studied city, the economic savings due to reduced electricity demand was also found. 

The economic impact demonstrated by this model was noteworthy. This economic value 

represents the expected yearly savings or costs for an entire city associated with a given change 

in wet bulb temperature across the whole city and its resulting percent change in demand when 

electricity demand is increasing. A summary of economic impacts for a -1°F ambient wet bulb 
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temperature change in cities studied is presented in the table below (5.1.2.1 Economic impact 

table). 

5.1.1.2 Economic impact table 

City

Annual City 

Consumption (MWh)

∆ Annual City 

Consumption (MWh) $/kWh $/yr

Washington, D.C. 10,678,857 -207,035 0.1236 (25,597,255.94)

Tampa, FL 4,471,279 -134,326 0.1044 (14,030,321.96)

Seattle, WA 9,002,058 -160,703 0.0855 (13,740,608.82)

Boise, ID 3,072,997 -74,642 0.0789 (5,888,058.71)

Baltimore, MD 5,904,335 -114,299 0.1128 (12,890,459.28)

Stockton, CA 1,975,405 -42,748 0.1691 (7,230,165.27)  

5.1.2 Emissions impact 

Lastly, for each city studied, the emissions impact of reduced electricity demand found was also 

notable. This emissions value represents the expected yearly decrease or increase in emissions 

for a whole city based on a given change in wet bulb temperature across the entire city and its 

resulting percent change in demand when electricity demand is increasing. A summary of 

emissions impacts for a -1°F ambient wet bulb temperature change in cities studied is presented 

in the table below (5.1.3.1 Emissions impact table). 

5.1.2.1 Emissions impact table 

City

Annual City 

Consumption (MWh)

∆ Annual City 

Consumption (MWh)

Emissions (ton 

CO2e/year)

Washington, D.C. 10,678,857 -207,035 -83,936.86

Tampa, FL 4,471,279 -134,326 -68,275.04

Seattle, WA 9,002,058 -160,703 -52,663.09

Boise, ID 3,072,997 -74,642 -24,460.30

Baltimore, MD 5,904,335 -114,299 -43,555.37

Stockton, CA 1,975,405 -42,748 -11,326.56  

5.2 Applications 

This model and its new methods help refine and support SSC’s existing Cost-Benefit Analytic 

Engine and, more importantly, demonstrates how cities are impacted by and can mitigate climate 

change. 

5.2.1 SSC’s Analytic Engine 

This research will be directly applied to SSC’s Cost-Benefit Analytic Engine to help better 

quantify the energy savings associated with ambient air temperature change in cities due to 

adoption of Smart Surfaces. Rather than calculating the indirect energy savings impact from each 

Smart Surface separately and adding up the impact, this method enables calculating the energy 

savings as a function of city-wide temperature reduction.  
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5.2.2 A new perspective to look at cities 

On a deeper level, this research provides a new and holistic view of the impact of climate change 

on cities and their reaction. No impact of climate change affects just one building, area, or type 

of surface in a city, just as no impact of Smart Surfaces mitigates climate change in just one 

building or area of a city. The impacts of both, therefore, should not be looked at from a 

microscopic level, but a macroscopic level. This model considers those macroscopic impacts. 

5.3 Assumptions and the need for further research 

Despite this new approach, several assumptions exist, and further research is necessary to gain a 

more total picture of the exact relationship between temperature change and electricity demand 

from the model itself and the applications of this model. 

5.3.1 The model itself 

Within the model itself, several assumptions were made in terms of the weather data, demand 

data, savings/cost calculations, and emissions calculations which could be which could be 

weakened, making less of an assumption, and improving the model. 

5.3.1.1 Weather data 

As mentioned previously, hourly weather data exists and can also be sourced from Visual 

Crossing, but costs money, and was not used for this model.9 Future research including hourly 

weather data and comparing it to hourly demand data should strengthen the relationship already 

established by this model. 

5.3.1.2 Demand data 

Demand data was assumed to be the same as the balancing authority which serves the city, 

though that balancing authority could serve other cities or a region. Percent change in demand, 

however, rather than total change demand was used, so the results of the change do not 

encompass the entire balancing authority and attempt to model reality. Future research could 

make this model even more exact. Either finding the hourly and daily demand data for specific 

cities or finding what proportion of a balancing authority a city makes up would relate an even 

more realistic relationship between temperature and demand and improve the model. 

The hourly demand data used also had to be converted to compare it with the daily weather data 

used. A more exact and direct relationship between temperature and demand could be found with 

more data, that is, smaller units of hourly data. Future research, as a result, should focus on 

comparing existing hourly demand data with available but costly hourly weather data. 

5.3.1.3 Savings/costs 

As mentioned previously, calculations of residential, commercial, and industrial customers, 

consumption, and price are based on state averages. Total demand, change in total demand, 

price, and the savings/costs they help calculate, therefore, are not completely representative of 
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reality. While these are not perfect, they are the closest and most consistent assumption that 

could be made. 

Finding a source that does have city-wide consumption data or sourcing consumption data 

directly from a balancing authority or partnering city itself would allow the calculations to be 

even more exact. 

5.3.1.4 Emissions 

Like savings/costs and as mentioned previously, calculations of residential, commercial, and 

industrial customers, consumption, and price are based on state averages. Total demand and 

change in total demand, and the emissions they help calculate, therefore, are not completely 

representative of reality. While these are not perfect, they are the closest and most consistent 

assumption that could be made. 

Finding a source that does have city-wide consumption data or sourcing consumption data 

directly from a balancing authority or partnering city itself would allow the calculations to be 

even more exact. 

5.3.2 Future applications of this model 

Future research would only further improve the application of this model to SSC’s Cost-Benefit 

Analytic engine and better capture the effect of climate change on whole cities.  

A key possible application of this model would be to quantify the impact of HVAC air intake on 

electricity demand, but this would require future research. The exact percent of electricity 

demand attributable to air conditioning at various temperatures, however, would need to be 

determined first. HVAC demand already makes up almost all electricity demand increase above 

a certain temperature. Rather than make an unknown assumption, HVAC demand is included 

within and masked by overall electricity demand in this model. With this extra information, 

however, this model could quantify a previously unquantified benefit of Smart Surfaces and do 

so in a way which redefines the relationship between HVAC demand, as a proportion of 

electricity demand, and ambient temperature in entire cities. 
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