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@ David JC MacKay. Sustainable Energy - Without the Hot Air. UIT
Cambridge Ltd., 1 edition, February 2009. Chapters 7,9,11, App E

@ Deborah A. Sunter, Sergio Castellanos, and Daniel M. Kammen.
Disparities in rooftop photovoltaics deployment in the United States
by race and ethnicity. Nature Sustainability, 2(1):7176, January 20109.
doi. URL.

@ Maximilian Auffhammer. Consuming Energy While Black, June 2020.
URL.

@ Shuchen Cong, Destenie Nock, Yueming Lucy Qiu, and Bo Xing.
Unveiling hidden energy poverty using the energy equity gap. Nature
Communications, 13(1):2456, May 2022. doi. URL.

David Hsu (MIT) October 4, 2022 2


file:10.1038/s41893-018-0204-z.pdf
https://www.nature.com/articles/s41893-018-0204-z/
https://energyathaas.wordpress.com/2020/06/22/consuming-energy-while-black/
file:10.1038/s41467-022-30146-5.pdf

We shape buildings, and afterwards our
buildings shape us.

— Winston Churchill
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https://quoteinvestigator.com/2016/06/26/shape/

Buildings

@ operational energy:
> 35% of primary energy, 38% of GHG emissions worldwide (UN, 2020)
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https://wedocs.unep.org/bitstream/handle/20.500.11822/34572/GSR_ES.pdf?sequence=3&isAllowed=y
https://nyc-ghg-inventory.cusp.nyu.edu
https://www.nccs.gov.sg/singapores-climate-action/singapore-emissions-profile/
https://wedocs.unep.org/bitstream/handle/20.500.11822/34572/GSR_ES.pdf?sequence=3&isAllowed=y
https://www.buildinggreen.com/blog/we-spend-90-our-time-indoors-says-who
https://www.frbsf.org/economic-research/publications/economic-letter/2022/september/remote-work-and-housing-demand/

Buildings

@ operational energy:
> 35% of primary energy, 38% of GHG emissions worldwide (UN, 2020)

* far higher percentage of city building emissions
* (NY 70%, in contrast to Singapore 20%)
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Buildings

@ operational energy:
> 35% of primary energy, 38% of GHG emissions worldwide (UN, 2020)

* far higher percentage of city building emissions
* (NY 70%, in contrast to Singapore 20%)

@ embodied energy:
» building construction: 5% of energy, 10% of emissions (UN, 2020)
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Buildings

@ operational energy:
> 35% of primary energy, 38% of GHG emissions worldwide (UN, 2020)

* far higher percentage of city building emissions
* (NY 70%, in contrast to Singapore 20%)

@ embodied energy:
» building construction: 5% of energy, 10% of emissions (UN, 2020)
© health:

» people spend 87% of their lives indoors and 6% in enclosed vehicles
(LBNL, 2001)
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Buildings

@ operational energy:
> 35% of primary energy, 38% of GHG emissions worldwide (UN, 2020)

* far higher percentage of city building emissions
* (NY 70%, in contrast to Singapore 20%)

@ embodied energy:
» building construction: 5% of energy, 10% of emissions (UN, 2020)
© health:

» people spend 87% of their lives indoors and 6% in enclosed vehicles
(LBNL, 2001)
» COVID, ventilation, and real estate (SF Fed, 2022)
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Buildings

@ operational energy:
> 35% of primary energy, 38% of GHG emissions worldwide (UN, 2020)

* far higher percentage of city building emissions
* (NY 70%, in contrast to Singapore 20%)

@ embodied energy:
» building construction: 5% of energy, 10% of emissions (UN, 2020)
© health:

» people spend 87% of their lives indoors and 6% in enclosed vehicles
(LBNL, 2001)

» COVID, ventilation, and real estate (SF Fed, 2022)

» affordable & sufficient housing

David Hsu (MIT) October 4, 2022 9


https://wedocs.unep.org/bitstream/handle/20.500.11822/34572/GSR_ES.pdf?sequence=3&isAllowed=y
https://nyc-ghg-inventory.cusp.nyu.edu
https://www.nccs.gov.sg/singapores-climate-action/singapore-emissions-profile/
https://wedocs.unep.org/bitstream/handle/20.500.11822/34572/GSR_ES.pdf?sequence=3&isAllowed=y
https://www.buildinggreen.com/blog/we-spend-90-our-time-indoors-says-who
https://www.frbsf.org/economic-research/publications/economic-letter/2022/september/remote-work-and-housing-demand/

Buildings

@ operational energy:
> 35% of primary energy, 38% of GHG emissions worldwide (UN, 2020)
* far higher percentage of city building emissions
* (NY 70%, in contrast to Singapore 20%)
@ embodied energy:
» building construction: 5% of energy, 10% of emissions (UN, 2020)
© health:
» people spend 87% of their lives indoors and 6% in enclosed vehicles
(LBNL, 2001)
» COVID, ventilation, and real estate (SF Fed, 2022)
» affordable & sufficient housing
© Mackay: how much it takes to heat, cool and use various appliances

» how much energy is used in buildings?

» how much more efficient can buildings be?

» what specific activities in buildings lead to energy use (and waste)?
» how can we motivate individual users to save energy in buildings?
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Sankey diagrams for the US and every state at flowcharts.LLNL.gov

Public domain figure courtesy of LLNL / US Department of Energy.
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https://flowcharts.llnl.gov/

Figure 3: Retail Sales of Electricity to Ultimate Customers, Total by End-Use Sector(2010)

Transportation
0.2%

Source: U.S. Energy Information Administration (EIA), Electric Power Monthly, Table 5.1, September 2012.
http://www.eia.gov/electricity/monthly/epm_table_grapher.cfm?t=epmt_5_01

© The Pew Center. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
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Public domain image courtesy of the US Department of Energy.

Energy Flow Chart - 2004 Commercial Sector

{units expressed in Cuadrillion Btu)

ELECTRIC UTILITIES

B
s

o iy
— apes [ 10 —
o bt Gon
oy [l o0 v iy [ #70 — P E
PotrisiesrnCoul
s [ o2 e — I ERRTORY, " PRV P —

Pacific Northwest National Lab, 2006

David Hsu (MIT)


http://www.pnl.gov/main/publications/external/technical_reports/PNNL-16263.pdf

Public domain image courtesy of the US Department of Energy.
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Pacific Northwest National Lab, 2006
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Public domain image courtesy of the US Department of Energy.

Energy Flow Chart - 2004 Residential Sector
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Public domain image courtesy of the US Department of Energy.
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All numbers in quads (.9478 quad = EJ) WILLIAMS ET AL 2020
Total US economy in 2020 uses 100.8 quads; 2020 2050 Total % Notes

100% RE economy in 2050 uses 72.8 quads Reference  100% growth,
Renewable 2020-2050

Buildings (residential + commercial)

Primary energy supply
Electricity 20.2 12.9 -36%  Decline in total use
Pipeline natural gas 9.5 - -100%  Eliminate completely
Biomass conversion 1.6 3.6 130% (Via electricity)
TOTAL PRIMARY ENERGY 31.3 16.6 -47% Reduce by half

Final demand (use) 19.9 131 -34%
Implied losses -36% -21%
Gain in efficiency 15%
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Heat transfer — heating loss and load
Three ways to gain and lose heat from
house to the environment:

@ ventilation (conduction,
infiltration): air moving in and
out (drafts)

f\*

ol | VENTILAT(N
-

vttt
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Heat transfer — heating loss and load

Three ways to gain and lose heat from
house to the environment:

@ ventilation (conduction,
infiltration): air moving in and
out (drafts)

g Mg @ conduction: heat transfers out,
i i.e. molecules excite neighbors,
/ etc. (through external walls,

ground slab)

VeNTiLTon
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Heat transfer — heating loss and load

Three ways to gain and lose heat from
house to the environment:

@ ventilation (conduction,
infiltration): air moving in and
out (drafts)

g Mg @ conduction: heat transfers out,
i.e. molecules excite neighbors,
X/ etc. (through external walls,
ground slab)
/\ @ radiation: generated and
VENTIATON absorbed photons (transmission

ki through windows; absorption to
roofs)

Check out NIST paper for a detailed
breakdown.
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Heat transfer — heating loss and load

Conduction and ventilation depend on temperature difference between
inside and outside AT, while radiation depends on area:

Energy loss:
conduction = areax U X (AT X time) (1)
ventilation = wvolume X N x (AT X time) (2)
radiation = area X solar intensity (3)
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What happened to Mackay's house in 20077 p. 295

CONDUCTIVE LEAKINESS area U-value leakiness Table E.8. Breakdown of my house’s
, , (m?) (W/m?/°C) _ (W/°C) ductive leakiness, and its i
Horizontal surfaces leakiness, pre-2006. I've treated the central
2 wall of the semi-detached house as a
Pitched roof 48 90 288 perfect insulating wall, but this may be
Flat roof 1.6 3 4.8 wrong if the gap between the adjacent
Floor 50 0.8 40 houses is actually well-ventilated.
Vertical §urfaees T've highlighted the parameters that I
Extension walls 24.1 0.6 14.5 altered after 2006, in modifications to be
Main walls 50 i 50 described shortly.
Thin wall (5in) 2 3 6
Single-glazed doors and windows  7.35 5 36.7
Double-glazed windows 17.8 2.9 51.6
Total conductive leakiness 232.4
VENTILATION LEAKINESS volume N leakiness
(m3) (air-changes per hour) (W/°C)
Bedrooms 80 0.5 13.3
Kitchen 36 2 24
Hall 27 3 27
Other rooms 77 1 25.7
Total ventilation leakiness 90

Table courtesy of David MacKay.
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David Mackay's house in Cambridge (UK)

“Main ways to lose heat energy are conduction and
ventilation”:

conduction = 232W/°C = 78%
ventilation = 90W/°C = 22%

Image © source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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David Mackay's house in Cambridge (UK)

“Main ways to lose heat energy are conduction and
ventilation”:

conduction =232W/°C = 78%
ventilation =90W/°C = 22%

@ added cavity wall insulation
@ increased roof insulation
@ added new storm door

@ replaced back door and window with double-glazed

Image © source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.

David Hsu (MIT) October 4, 2022 24


https://ocw.mit.edu/help/faq-fair-use/

Public domain image courtesy of the US Department of Energy.

Windows

. Actual Projected
Net energy -
gain
Net energy
loss
R-1.7
o double pane
R-0.85
O singlo pane
1 | | | | 1 1 | |
1970 1980 1990 2000 2010
Note: Energy loss/gain includes conductve and convective thermal
losses, solar gains, and the effects of window emittance and lighting
load reductions.
Advanced glazings have increased windows' resistance ve-cd16-a1515-06

to heat flow, or R-value.
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Materials (Golbazi and Aktas)

Courtesy of Elsevier, Inc., https://www.sciencedirect.com.
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Heating degree days (Mackay, appendix E)

temperature (°C)

35
(a) 30 91 degree-days of cooling

5 3188 degree-days of heating
Jan Feb Mar  Apr May  Jun Jul Aug Sep  Oct Nov  Dec

temperature (°C)

Wil
ARV 1 ! IIAWAY.Y)
15 RN YWY Y hi
10
5
0

5 2265 degree-days of heating

Jan Feb Mar  Apr May  Jun Jul Aug Sep  Oct Nov  Dec

Courtesy of David MacKay.

David Hsu (MIT) October 4, 2022 27



Heat pumps (Randolph and Masters)

Hot Condenser

N
Cold coils
Refrigerator as an air conditioner Refrigerator as heater
... and heat the world. ... and cool the world.

You mul{_:l remove your refrigerator door, back the refrigerator up to an ourside doorway, and
then use it as a hear pump to heac or cool your house,

© John Randolph and Gilbert M. Masters. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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U.S. climate zones

. COLD /VERY COLD
MARINE

MIXED-HUMID

HOT-DRY /MIXED-DRY

http://wwuw.eia.gov/consumption/commercial/maps.cfm

Public domain image courtesy of the U.S. Energy Information Administration.
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Public domain image courtesy of the U.S. Energy

US climate zones Information Administration.

Climate Zones

Zone 1 ks less than 2,000 COD and greater than 7,000 HDD.
Zone 2 is less than 2.000 COD and 5.500-7,000 HDD.

Zone 3 is less than 2,000 COD and 4,000-5,488 HDD.

Zone 4 is less than 2.000 COD and less than 4.000 HDD.

Zone 5 is 2,000 CDD or more and less than 4000 HDD.

] |

David Hsu (MIT)
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ESTIMATING LOAD FROM SELECTED APPLIANCES

Mackay, page 51:
2 people per household in England
power time p.d. energyp.d.

(kW) (hours)  (kwH)

Cooking
kettle 3.00 0.33 0.99 8%
microwave 1.40 0.33 0.46 4%
electric cooker (rings) 3.30 0.50 1.65 13%
electric oven 3.00 0.50 1.50 12%

Cleaning
washing machine 2.50 0.40 1.00 8%
tumble dryer 250 0.80 2.00 16%
airing cupboard - - - 0%
washing line drying - - - 0%
dishwasher 250 0.60 1.50 12%

Cooling
refrigerator 0.02 24.00 0.48 4%
freezer 0.09 24.00 2.16 18%
air conditioning 0.60 1.00 0.60 5%
TOTAL DAILY PER 2 PEOPLE 12.34 kWH p.d. 100%
TOTAL ANNUAL PER 2 PEOPLE 4505 KWHp.y

Average household electricity consumption in United Kingdom 3,941 kWH /year
Average household electricity consumption in Tanzania 1,432 kWH /year

(per electrified household in 2014!)
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Home Sense monitor
Home Nest monitor
Home SolarEdge monitor
Home electricity monitor
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sense.com
nest.com
solaredge.com
eversource.com

IEA, Tracking Buildings, 2020

Image courtesy of IEA. License: CC BY.


https://www.iea.org/reports/tracking-buildings-2020

Content courtesy of IEA. License: CC BY.

@ Tracking Buildings 2020

Lighting

@ Ontrack

Tracking progress 2020 i o Sustei Scenaria, 20102030 Ope

In 2019, LED sales reached a critical milestone, achieving a record
number of sales of more than 10 billion units, including both light sources
(bulbs, tubes, and inaires. Both resi ial and i
LED deployment is advancing, and LED sales now exceed fluorescent
lamps. As LED costs continue to fall, sales are on track with the SDS,
although continued robust growth is needed for LEDs to make up over
90% of sales by 2030.

Lighting: Tracking progress 2020 ©

“ LED  ® Fluorescent Other

IEA, Tracking Buildings, 2020
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Content courtesy of IEA. License: CC BY.

@ Tracking Buildings 2020

Building envelopes

® Not on track

.
Tracking progress 2020 b i by o ol g o or
Development Scenario, 2019-2030
Almost hirds of ies lacked datory building energy codes
in 2019, meaning more than 5 billion m2 were built last year without :
rf To be in line with the SDS by " g

Y pe
2030: all ies need to blish datory building energy codes;
new high-performance construction needs to increase from around 275
million m2 to cover almosl S bllhon mZ and energy intensity reductions

ffe ions of existing
building stock must double from 15% to at least 30 50%.

Building Envelopes: Tracking progress 2020 ©@

FEFLLF LSS LSS

IEA, Tracking Buildings, 2020
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@ Tracking Buildings 2020
Heating
® Not on track
Tracking progress 2020 2010 Open #
2030
The heating equif market i tobe i by fossil fuel-
based and less-effici electric heating
technologies, which make up almost 80% of new sales. However, sales of
heat pumps and renewable heating equipment such as solar hot water
systems have increased, representing more than 10% of overall sales in
2019. To be in line with the SDS, the share of clean heating technologies -
heat pumps, district heating. renewable and hydrogen-based heating ~
needs to more than double to 50% of sales by 2030.
Heating: Tracking progress 2020 @
T T T T T
200 200 200 w08 000
. . Hoat pumps.

® Diwicthest  Other renewabies- and hydrogen-based

IEA, Tracking Buildings, 2020
David Hsu (MIT)
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@ Tracking Buildings 2020

Heat pumps

More efforts needed

Tracking progress 2020

Nearly 20 million households purchased heat pumps in 2019, Even if
some are reversible units that only partially cover space and water
heating needs, growth is evident across all primary heating markets -
North America, Europe and Northern Asia. Although heat pumps have
even become the most common technolegy in newly built houses in
many countries, they meet only 5% of global building heating demand, As
their share is required to triple by 2030 under the SDS, further policy
support and innovation are needed to reduce upfront purchase and
installation costs, remove market barriers for renovations, and improve
energy and Qe

Heat Pumps: Tracking progress 2020 @

Content courtesy of IEA. License: CC BY.

Open »
2010
2030
s rg=r e g e ¢
2010 200 20W 206 018 2000 N2 204 2026 2028 2030
T —
. . * Outrict hwot

® Othar renewables- and hydrogendased @ Heat pumps.

IEA, Tracking Buildings, 2020
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@ Tracking Buildings 2020

Cooling

More efforts needed

Tracking progress 2020 s i intensityindex i ; Scenario,

1990-2030

Energy demand for space cooling has more than tripled since 1990,
making it the fastest-growing end use in buildings. Space cooling was
responsible for emissions of about 1 GtCO2 and nearly 8.5% of total final
electricity consumption in 2019. While highly efficient AC units are
I ilable, most hase ones that are two to three

times less efficient. To put cooling on track with the SDS, energy

ffici dards need to be impls d to improve AC energy
performance more than S0% by 2030. Together with improved building
design, increased renewables integration and smart controls, this
measure would cut space cooling energy use and emissions and limit the
power capacity additions required to meet peak electricity demand.

Cooling: Tracking progress 2020 @

sas

IEA, Tracking Buildings, 2020
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@ Tracking Buildings 2020

Appliances and equipment

More efforts needed

Tracking progress 2020 by Open

Sustainable Development Scenario, 2000-2030

ion by toincrease. It
reached over 3 000 TWh in 2019 and accounted for 15% of global final
demand, or a; of ity used in buildings.
Demand is driven by rising ownership of connected plug-load devices,
ially in i ies that are ier.

y Energy (MEPS) cover one-third of the
energy used, mainly for large household appliances, but smaller plug
loads, ics, are less well Greater Y AF
policy coverage and stringency will be needed to realise the SDS.

and 2020 @

i
]

- ——yy

PEFILETSSIPIPIPE

. ® Ewasia o Chisa  OtherAsia
LstinAmerica  Middlofast  india  Africa

IEA, Tracking Buildings, 2020
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nature ARTICLES

l] L I gy https://doi.org/10.1038/541560-019-0467-2

Simple interventions can correct misperceptions
of home energy use

Tyler Marghetis ©'24*, Shahzeen Z. Attari' and David Landy**

Public estimates of energy use suffer from severe biases. Failure to correct these may hinder efforts to conserve energy and
undermine support for evidence-based policies. Here we present a randomlzed online experiment that showed that home
ions can be imp d. We tested two simple, p ng numerical informa-
tion (in walt-hours) about extremes of energy use and providing an explicit heuristic that addressed a common mispercep-
tion. Both ded in i P! ing numerical esti of energy use, but in different ways. Numerical information about
primarily il d the use of the watt-hours response scale, while the heuristic improved underlymg understanding
of relative energy use. As aresult, only the heuristic significantly benefitted judgements aboul energy-conserving bclmnoufs
Because understanding of energy use also predicted self-reported energy-conservation b iour, belief in limat
and support for climate policies, targeting energy misperceptions may have the p ial to shape divi behaviour and
national policy support.

Marghetis et al, 2019, Nature Energy

© Springer Nature Ltd.. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
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© Springer Nature Ltd.. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.

Fig. 1: Relation between actual and estimated energy use.

From: Simple interventions can correct misperceptions of home energy use
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This account informed the development of two interventions
for improving home energy estimation. First, we targeted the use of
the response scale by supplying quantitative information about the
extremes of electricity use (the typical energy use in 1h by phone
chargers, 5Wh, and clothes dryers, 4,000 Wh). We predicted that
this ‘scale-use’ intervention would help participants translate their
beliefs about energy use into explicit estimates on the watt-hours
scale without necessarily improving either their beliefs or their
decisions that were based on those beliefs. Second, we targeted
systematic misunderstandings by supplying a simple ‘explicit heu-
ristic’ or guiding rule’. People underestimate the energy used by
appliances that change the temperature’, perhaps because heat gen-
eration and heat removal may not be as noticeable as movement or
lighting. This observation inspired the following explicit heuristic:
large appliances that primarily heat or cool use a lot more energy
than people think they use. Unlike the scale-use intervention, this
explicit heuristic was intended to correct the underlying beliefs
rather than just the way those beliefs are expressed in watt-hours.
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Fig. 3: Individual differences in understanding the appliances’ relative
energy use.

From: Simple interventions can correct misperceptions of home enengy use
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reported being very liberal (n  272), moderate (n = 313) and very conservative (n = 84) in their views. (Note that analyses in the
main text use all participants.) Lines Indicate the model-predicted relation, thus controlling for demographic variability, with
ervor ribbons indicating 95% Cls. Circles indicate binned means, with the circle’s area indicating sample size.,
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