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Carbon reduction technology pathways for
existing buildings in eight cities

Yu Qian Ang 1 , Zachary Michael Berzolla 1, Samuel Letellier-Duchesne1 &
Christoph F. Reinhart1

We work with policymakers in eight cities worldwide to identify technology
pathways toward their near- and long-termcarbon emissions reduction targets
for existing buildings. Based on policymakers’ interests, we define city-specific
shallow and deep retrofitting packages along with onsite photovoltaic gen-
eration potential. Without further grid decarbonization measures, stock-wide
implementation of these retrofits in the investigated neighborhoods reduces
energy use and carbon emissions by up to 66% and 84%, respectively, helping
Braga, Dublin, Florianopolis, Middlebury, and Singapore to meet their 2030
goals. With projected grid decarbonization, Florianopolis and Singapore will
reach their 2050 goals. The remaining emissions stem frommunicipalities not
planning to electrify heating and/or domestic hot water use. Different climates
and construction practices lead to varying retrofit packages, suggesting that
comparable technology pathway analyses should be conducted for munici-
palities worldwide. Twenty months after the project ended, seven cities have
implemented policy measures or expanded the analysis across their
building stock.

Cities run on energy. Since the industrial revolution, urban environ-
ments have dominated energy consumption patterns in countries
around the world. Today, over 50% of the world’s population lives in
urban areas, collectively generating over 75% of the global gross
domestic product (GDP). Attracted by this wealth, urban dwellers are
expected to double by 2050. At that point, the urban built-up area is
projected to more than triple1, accounting for over 70% of global
carbon emissions2.

Cities arewell positioned tomitigate future emissions, being both
“a cause of and solution to” climate change3. More than 100 cities have
already committed to net-zero carbon emissions by 20504. Buildings
will inevitably play a pivotal role in this process, with the Inter-
governmental Panel on Climate Change (IPCC) estimating that the
energy use of existing residential buildings can be reduced by 50% to
75% inmanygeographical regions5. However,while the long-termgoals
are clear, the pathways to achieving carbon emissions reduction tar-
gets for buildings are less so. To keep cumulative carbon emissions of
the global building stock in check, the annual global renovation rate
must increase from (the current) 1% to 5%, and all new construction

must be carbon neutral by 2040 in terms of both operational and
embodied energy use6,7. For TheUnited Kingdom, this translates into a
retrofit rate of 1.5 homes every minute from now until 20508. In the
United States, the Biden administration has supported energy effi-
ciency upgrades in at least four million homes and weatherization for
at least two million homes9. To optimize the use of such funds, cities
need a data-driven support framework to decide what type of
upgrades to encourage and in what buildings.

In this paper, we focus on technology pathways to reduce annual
carbon emissions in existing buildings based on retrofitting measures
and onsite rooftop photovoltaics (PV). Our analysis includes long-term
local grid decarbonization targets but does not consider socio-
economic factors such as willingness-to-pay models10, stock turnover,
or new construction.We focus on retrofitting opportunities in existing
buildings as a foundational first step for city governments to consider
before pursuing other carbon emission reduction strategies, including
carbon offsets, etc. Parallel analysis is necessary to evaluate emissions
impacts from industry, transport, land use, and new construction. For
the latter case, unless all new buildings are built to net-zero standards
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starting today, the challenge cities face in meeting their building-
related emissions reduction goals will only be heightened.

We collaborated with representatives from eight cities and muni-
cipalities around the world—Braga (Portugal), Cairo (Egypt), Dublin
(Ireland), Florianopolis (Brazil), Kiel (Germany), Middlebury (Vermont,
United States), Montreal (Canada), and Singapore. The cities were
selected based on public calls for participation on building/urban sci-
encemailing lists and viadirect contacts in our networks. A requirement
for participation was that teams had some expertise in building energy
modeling aswell as existing relationshipswith local city representatives.
We also aimed for a diverse set of cities with different climates, socio-
economic demographics, cultures, governing structures, and sizes.

Our educational goal for the collaboration was to train city
representatives to conduct anurbanbuilding energy analysis for parts/
segments of their building stock that they could later independently
expand to the whole jurisdiction. For each city, we followed a study
framework that consisted of individual pre-workshop meetings with
city representatives, a joint three-day remoteworkshop includinggoal-
setting and technical working sessions, and another set of individual
debriefs. Theworkshop took place in January 2021. During the opening
session, city representatives were invited to share their carbon
reduction objectives for existing buildings as well as what retrofitting
measures they were considering for those buildings.

We then built eight seed urban building energy models (UBEM)
ranging from 38 to 399 buildings in neighborhoods for which building
footprints, heights, program (usage type), and year of construction
were available (Fig. 1). An UBEM is a physics-based model of buildings

that estimates hourly energy use for heating, cooling, hot water,
lighting, and equipment for “as is” conditions and any combination of
possible retrofit upgrades. Non-geometric building properties such as
construction characteristics, building age, heating, ventilation, and air-
conditioning systemproperties were compiled for each city before the
workshop (see Methods).

The concept of a “seed” UBEM was introduced for this project. A
seed UBEM is a scaled-down version of a full UBEM that covers a lim-
ited part of a jurisdiction. Working with seed UBEMs (and fewer
buildings) in the workshop is useful for staying nimble and supporting
on-the-spot analysis. A seed model should ideally represent the city’s
overall building stock—i.e., covers building typologies that represent a
significant fraction of all buildings—and extend over an area that will
soon undergo substantial renovation efforts. If well chosen, the seed
model simulation and analysis results are indicative of the entire stock
model since—with more buildings—the difference introduced stems
mainly from building geometry.

The regions for the seed models were selected in consultation
with participating city representatives. Florianopolis and Montreal
selected typical mixed-use neighborhoods, including residential,
retail, and larger commercial buildings. Braga, Dublin, Kiel, and Mid-
dlebury selected aging residential neighborhoods that are repre-
sentatives of many similar neighborhoods surrounding the city core
and are slated to undergo energy retrofits soon. Cairo and Singapore
focused on multi-story public housing complexes that comprise most
of those cities’ construction. For example, over 80% of Singaporeans
live in public housing.

Fig. 1 | Baseline urbanbuilding energymodels for the eight cities. The colour of
each building indicates the relative energy use intensity compared to other
buildings in themodel. For example, in Singaporewith two archetypes defined (viz.
residential and commercial), we observe that the commercial building (in red) has

a relatively higher energy use intensity than the residential buildings, which per-
formed rather similarly, reflecting how all residential buildings in the region of
interest are similar-type public housing apartment units.

Article https://doi.org/10.1038/s41467-023-37131-6

Nature Communications |         (2023) 14:1689 2



For each study area, we developed a baseline aswell as shallow and
deep retrofit scenariosbasedon input fromthe city representatives (see
Results).Our researchgoalswere togauge thevalue city representatives
would retain from using an UBEM-based model of their building stock
and what specific building retrofit upgrades they were considering at
the time from a list of possible options (see Methods). Although we
provided some informal feedback at the end of the workshop to guide
future development, we refrained from assuming the role of a “con-
sultant” that provides custom-tailored, optimal solutions to each city.

In addition to building retrofits, we also predicted the maximum
onsite electricity generation potential from PV assuming full rooftop
utilization to provide an upper physical limit for onsite carbon emis-
sion reductions. To separate the emissions reduction contributions
from building upgrades and grid decarbonization, future carbon
emissions are shown as a range in the Results section, assuming cur-
rent and projected future grid emissions, respectively.

This work contributes to urban-scale energy research and policy
in multiple ways. Previous work on urban building energy modeling
mainly focused on developing and validating simulation tools and
identifying potential use cases for this new technology11,12. In select
cases, the energy-saving potential from retrofitting existing buildings—
for example, in San Francisco, CA13, and Venice, Italy14—was calculated.
However, those studies do not report if and how the authors engaged
with local governments. The LA10015 and Carbon Free Boston16 studies
are notable exceptions where experts from a U.S. National Lab or
university collaborated with the municipalities in Los Angeles and
Boston to develop carbon reduction pathways using custom-built,
fully integrated cross-sector models.

This paper presents the first study in which a scalable UBEM
approach has been testedwithmultiple, diverse city representatives to
understand whether local teams can learn how to use and indepen-
dently apply the method and provide lasting value for participating
jurisdictions. Our findings offer insight into what type of building
retrofit packages energy policymakers are currently considering for
their existing building stock and how resulting carbon emission
reductions compare to politically motivated targets. This study also
dovetails with parallel efforts to decarbonize the transportation,
industrial, and electricity sectors.

Results
Baseline and upgrade building energy scenarios
The eight cities represent diverse cultures and climate zones where
many urbanites live. In the following, we summarize the building ret-
rofit upgrade scenarios that the city representatives formulated. The
scenarios consist of combinations of building upgrades picked from a
list of common technologies provided to city representatives before
the workshop (see Methods). For each city, we defined two retrofit
upgrade scenarios that mostly correspond to shallow (lower cost and/
or easier to implement) and deep (more expensive and/or harder to
implement) retrofits (Table 1). Details on how thebaseline andupgrade
scenarios were modeled are provided in the Methods section.

The selection process for the scenarios varied depending on the
role of the city representatives, which ranged from city planners and
sustainability directors to local NGOs. For some cities, a single repre-
sentative “dictated” the scenarios, while other city teams were more
collaborative, reflecting differences in how cities are generally
governed.

Table 1 also lists carbon emissions reduction targets for buildings
in each city. While some cities have separate near- and long-term goals
for 2030 and 2050, others only have a 2050 goal or no goal at all. This
information was provided by the city representatives and validated via
official policy documents where possible. If no building-specific tar-
gets were available, we used economy-wide emission reduction tar-
gets. Braga, Florianopolis, and Montreal aimed for net-zero
operational carbon emissions, meaning any remaining fossil fuel use Ta
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will need to be balanced by carbon offsets or excess renewable energy
generation.

Singapore, situated near the equator, has a typical tropical climate
with uniformly high temperatures and relative humidity. The building
stock is dominated by residential high-rises with moderately sized
housing units, the ubiquitous use of air conditioning, and sound con-
struction practices that manage to keep average household electricity
use at the same level as temperate France17,18. The participating pol-
icymakers from Singapore’s Urban Redevelopment Authority (URA)
expressed interest in equipment load reductions, the impact of
pandemic-related remote working patterns on load curves19, as well as
the energy-saving potential of district cooling systems20. To limit the
scope of the investigation to the workshop goal of identifying carbon
reduction pathways for buildings, our two upgrade scenarios for Sin-
gapore focus on the first and last areas of interest.

Cairo has a subtropical desert climate with mild winters and hot
summers. The city is cooling-dominated, with increasing risks of
severe heat waves due to climate change21. The participating UN
Habitat EgyptOffice presented the twingoal of keeping the population
healthy without excessive reliance on air-conditioning and a focus on
the widespread deployment of rooftop photovoltaics (PV). The team
did not provide a carbon reduction target. Based on previous experi-
ence working in the region22, we tested load reductions for shallow
retrofits and enhanced air-conditioning and mechanical ventilation
(ACMV) equipment for deep retrofits.

Florianopolis has a warm, humid subtropical climate with warm
summers and mild winters. At the time of the workshop, the city did
not have any carbon reduction goals for buildings but referred to
Brazil-wide targets of 43% and 100% emissions reductions by 2030 and
2050, respectively. Technologies of interest to the local team, con-
sisting of municipal representatives and a nearby university, initially
ranged from architectural interventions such as added exterior shad-
ing (fixed individual window overhangs), reduced equipment loads,
and enhancements to ACMV equipment. As the workshop progressed,
the team increasingly concentrated on the latter two technology
upgrades as they discovered the high cost and somewhat limited
impact of exterior shading in retrofit projects.

In Braga, as in other Portuguese municipalities, a sizeable number
of households suffer from energy poverty23. Consequently, indoor
temperatures routinely reach uncomfortable levels, especially during
the winter24. Braga is further situated in a threshold climate25, in which
air conditioning will increasingly become a necessity as summers get
warmer, a challenge tohouseholds that can alreadybarely affordenergy
costs. With building energy use already low, Braga’s urban planning
office is most concerned about the consequences of climate change
alongwith energy affordability and health. For the “shallow” retrofit, we
therefore use a future climate file (see Methods) to quantify future
energy use if most households start using air-conditioning to remain
comfortable and then upgrade the building envelopes for the deep
retrofit scenario. While climate change will affect energy use and
emissions from buildings in all cities, threshold climates will see the
most dramatic changes in building conditioning needs. These cities will
experience fundamental changes in demand for cooling systems, unlike
many other cities that already have widespread air conditioning today.

Kiel is one of Germany’s major maritime centers, with a sub-
oceanic climate influenced by currents from theAtlantic and theNorth
Sea. Most homes in Kiel have no active cooling, and traditionally the
emphasis has been placed on adding insulation to reduce heating
energy use. The Director of the Kiel Authority for Environmental Pro-
tection expressed interest in adding insulation and weatherization to
reduce heating loads and energy use. These measures are employed
for the shallow retrofit scenario. For the deep retrofit scenario, electric
heat pumps are added to electrify the remaining heating loads, a
measure in line with ongoing German efforts to reduce the country’s
reliance on natural gas from Russia26.

Dublin has a mild climate, mainly heating-dominated, with rela-
tively comfortable summers and cold, humid winters. Due to the age
and state ofmany buildings, thermal envelope upgrades represent one
of the most effective retrofits27,28. Dublin contains a significant pro-
portionof rowhouses,which is why the city targets coordinated group
retrofits in the formofweatherization upgrades for the shallow retrofit
scenario and added wall insulation and window replacements for the
deep retrofits. During the workshop, the city representative did not
express interest in heat pumps as the city was assessing the feasibility
of expanding the existing district heating system.

Middlebury is situated in theU.S. state of Vermont, withwarm,wet
summers and frigid winters. The state has a largely decarbonized
electric grid with high penetrations of renewables29. A key concern of
participating representatives from the local energy committee and
Middlebury College was understanding and quantifying the potential
of heat electrification and grid resilience. Technologically, these goals
translate into air-source heat pump adoption for space heating (shal-
low retrofit) and envelope upgrades (deep retrofit) to reduce the
building’swinter peakdemandcausedby this newly-electrifiedheating.

Finally, Montreal enjoys a stable, decarbonized grid from hydro-
power. The citymainly seeks to reduce reliance onwidely used electric
resistance heating due to its inefficiency. The shallow retrofit replaces
electric resistance heatingwith natural gas furnaces, whichare cheaper
to operate but more carbon-intensive. Ultimately, the city hopes to
convince residents to invest in ground-source heat pumps for heating
(deep retrofit) powered by their clean electricity supply. Given that
natural gas furnaces, once installed in place, have a lifetime of 15+
years, the former approach is not readily compatible with the city’s
2050 target.

Energy use intensities
Predictedonsite baseline energy use intensities (EUI) range fromunder
89 kWh/m2 for Braga to 329 kWh/m2 for Middlebury (Fig. 2). EUIs are
mainly influenced by program type, climate, construction standards,
mechanical systems, and urban typology. EUI subcategories for heat-
ing, cooling, lighting, domestic hot water, and equipment reflect these
relationships—i.e., Cairo, Florianopolis, and Singapore are cooling-
demand dominated with no heating loads. In contrast, Dublin, Kiel,
Middlebury, and Montreal are heating-dominated.

In all cases except for Braga, EUIs fall for both shallow and deep
retrofits. In Braga, where residents are expected to widely adopt AC
units in residential constructiondue to awarming climate, the EUI goes
up, driven by an increase in cooling energy use. The overall EUI
increases by 24%, although heating demand decreases slightly due to
milder winter temperatures. Retrofitting windows and fixed window
overhang shading has a small impact in Florianopolis, with a simulated
decrease in EUI of only 8%. Given the high cost of thesemeasures, they
were not included in the shallowor deep retrofit scenarios. In the other
cities, shallow retrofits that address low-hanging fruits like reducing
plug and equipment loads lead to decreases in EUI between 13%
(Dublin) to 36% (Cairo). Cairo has the largest energy efficiency gains
from shallow retrofits since reducing internal loads from lighting and
equipment has the dual advantage of also reducing cooling loads.

Deeper retrofits naturally lead tomore considerable savings, from
32% in Middlebury to 66% in Kiel. Heat pumps achieve the largest
energy efficiency gains in heating-dominated climates even though
these savings do not necessarily correspond to the lowest operating
costs due to the widespread availability of low-cost natural gas. Kiel,
for example, has significant needs for space heating and heat pumps
are effective in reducing overall energy use but are historically more
expensive to operate than natural gas furnaces. This is changing in
2022,with gasprices soaringdue to the conflict inUkraine, underlining
the volatility of relying on fossil fuels. Dublin, like Kiel, has a high
proportion of its EUI associated with heating and domestic hot water
needs but opted to reduce heating loads through weatherization and
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Fig. 2 | Energy Use Intensities (EUI) for the baseline and retrofit scenarios for
eight cities. A baseline and two additional scenarios are defined for each city, with
the colors representing energy use intensities for various end uses. Shallow ret-
rofits naturally lead to smaller reductions in EUI, while deeper retrofits require

more capital but often lead to significantly higher EUI reductions. In Braga, the
“shallow retrofit” scenario accounts for awarmer climate in 2080; thus, the cooling
demand greatly increases, increasing energy use.
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insulation. However, additional steps to reduce heating emissions will
need to be taken eventually. In Montreal, using natural gas instead of
electricity only slightly impacts EUI but raises emissions since the
hydro-powered grid is so clean. In contrast, installing heat pumps
shaves off 28% from the baseline EUI, primarily from heating and
cooling needs.

Building-related peak demand
There is widespread consensus that decarbonizing the building sector
will require the electrification of all heating systems, while the electric
gridwill increasingly rely on renewable energy. To realizeboth strategies
simultaneously, it is crucial tominimize the strain that buildingsplaceon
the grid. Figure 3 accordingly shows each city’s hourly annual electricity
peak demand from buildings for the three scenarios from Table 1. This
value represents the hour in the year when the combined electricity
demand across all existing buildings is highest. Each peak hour’s date
and time stamp are included in each column. Given that most policy
representatives mentioned rooftop PV to reduce onsite carbon emis-
sions, the fourth column in Fig. 3 shows annual peaks for the deep
retrofit scenario combined with PV deployment across all building
rooftops. The PV simulations assume 15%module efficiency for all cities
and vary by available roof area and annual solar radiation (seeMethods).

In Cairo, Florianopolis, and Singapore, shallow retrofits reduce the
annual peak from 9% to 29%, while deep retrofits reduce the annual
peak from 39% to 55%. In Dublin, the heating is provided by natural gas
in all scenarios, so the electric peak demand from buildings is driven
purely by winter lighting and equipment loads and is only slightly
reduced in the shallow scenario. In Cairo, Braga, and Kiel, the peaks
remain around the same time of year and occur in the evening/morning
for cooling/heating-dominatedclimates.Given the limited availability of
sunlight during those times, the deployment of PV does not affect the
peak loads much except in Florianopolis, where the January 23rd 5pm
mid-summer peak is delayed toMarch 23rd at 6pm and reduced by 20%.

In Montreal, switching to natural gas or heat pumps for space
heating would reduce the peak by a factor of three ormore due to the
inefficiency of electric resistance heat. In Kiel and Middlebury, intro-
ducing electric heat pumpsmore than doubles the peak demand from
buildings, suggesting that substantial additional capacity would have
to be added to the grid in these regions. In Middlebury, the buildings’
peak demand hour would further shift from the cooling-driven sum-
mer afternoon to winter mornings. However, if further combined with
retrofitting measures, the peak in Middlebury could be reduced to
even lower levels than the current baseline. Similarly, the widespread
adoption of AC units in Braga will put a significant strain on the grid
that could be somewhat prevented through deep retrofitting mea-
sures. Our findings are consistent with studies30 underlining the
importance of buildings in grid demand management and energy
policy planning. Generating units to address these peak loads—espe-
cially in the United States—typically rely on fossil fuels31 and can be
costly to operate. Reducing peak demand from buildings thus leads to
fewer fossil-fueled generation plants being brought online, decreases
total annual power grid emissions, and reduces the need to build new
distribution systems32.

Overall, our results show that the widespread use of rooftop PV
will not significantly help utilities manage their building-related elec-
tricity peaks due to a temporal mismatch in production and demand.
However, renewable energies will play a key role in reducing overall
building-related carbon emissions as they provide a zero-carbon
source of electricity to power electrified buildings.

Carbon emissions
Figure 4 shows annual carbon emissions for the baseline, shallow, and
deep retrofit scenarios with and without PV deployment across 100%
of all rooftops. For the shallow and deep scenarios, results are shown
as ranges assuming 2021 and projected 2050 emission factors for

electricity and fossil fuels. The underlying values were provided by city
representatives, referenced from reports, and cross-checked where
possible (Table 2). Note that Cairo does not have a decarbonized grid
emissions target. The ranges help to separate emissions reductions
from buildings and the grid. Where applicable, the city’s carbon
emissions reduction targets from Table 1 are also shown. Without
additional grid decarbonization efforts, total carbon emission reduc-
tions for buildings range from 13% to 36% for shallow retrofits and 34%
to 84% for deep retrofits across all eight municipalities. If projected
grid decarbonization plans for 2050 are fully realized, those numbers
increase to 100% for shallow and deep retrofits in somemunicipalities.

Singapore’s building energy use is modeled as all-electric, and the
projected grid emission reductions would help it surpass its 2050
target for both shallow and deep retrofits. Much of the grid dec-
arbonization will need to come from off-site sources as rooftop solar
can only contribute to emissions reductions for a small part of the
investigated residential high-rise buildings that make up much of
Singapore’s building stock.

Cairo hasnopublicly availablegrid emissions reductionplans (nor
emissions goals), and the rooftop solar production potential can
reduce current emissions by 21% from baseline.

Florianopolis has the potential to meet its 2050 target through
Brazil’s overall goal of a fully decarbonized grid. Over 80% of those
reductions from the baseline can be realized onsite through deep
retrofits and rooftop PV.

Braga’s rooftop solarpotential is substantial and can contribute all
the carbon-free electricity needed to meet its electrical needs in the
deep retrofit scenario. However, achieving their 2050 targets will
require the electrification of all other end uses. The situation is the
same in Kiel, Middlebury, and Montreal, where the grid is already lar-
gely decarbonized and/or rooftop PV could cover the remaining onsite
electricity demand. While traditional net-zero analyses assume that
onsite fossil fuel consumption can be offset by rooftop solar, this
accounting practice does not work when the local grid is fully dec-
arbonized. Given that domestic hot water contributes substantially to
these cities’ energyuse (Fig. 2), it is curious thatnoneof themopted for
domestic hot water heat pumps. It is crucial that municipalities
embrace a fully decarbonized system, whether fully electrified or
through green hydrogen or some other carbon-neutral fuel.

In Dublin, the combination of rooftop PV and the projected dec-
arbonized grid can more than halve the remaining emissions in the
deep retrofit scenario. Given this decarbonized grid, electrification of
the heating system could help Dublin meet a future net-zero target.

Post-workshop follow-up
During the workshop’s final day, all teams suggested that the UBEM
approach could support their jurisdiction’s efforts to reduce building-
related carbon emissions. In September 2022—twentymonths after the
workshop—we contacted all eight city representatives again to
understand “what (if any) activity, follow-up modeling efforts, use of
the results, discussion, legislation/policymaking, or anyother outcome
[had] resulted from the workshop.” Seven out of eight representatives
responded to our request and reported the following activities.

In Braga, to facilitate further use of UBEMs, the local participating
partner (Instituto Superior Técnico of Lisbon) developed a building
template library for all of Portugal, tested in another workshop in 2022
involving representatives from three additional Portuguese cities:
Porto, Coimbra, and Lisbon.

The Climate Action Coordinator for Dublin shared that the city
secured funding from the national government—through the Public
Sector Innovation Fund—to “further utilize UBEMs to model retrofit
options.”

In Florianopolis, the study became part of a guiding principles
report for public policies. This report was developed through the
Efficient Cities Project of the Brazilian Council for Sustainable
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Fig. 3 | Theannual building-relatedelectric peakdemand forbaseline, shallow,
and deep retrofit scenarios, including 100% rooftop photovoltaics deploy-
ment.The time stampover each columnmarks the hour in the yearwhen this peak
occurs.We observe that the deployment of rooftop PV does not reduce the peak in

manymunicipalities, as the peak usually occurs at the beginning or end of the day.
The introduction of heat pumps for space heating significantly increases the peak
inKiel, and inMiddlebury, thepeak further shifts fromsummer afternoon towinter
morning.
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Construction (CBCS) to advise the Municipality of Florianopolis in
setting up its energy efficiency program.

The University of Kiel, in collaboration with Shell Germany, built
an UBEM of the whole city that contains around 36,000 buildings. The

city is interested in using the data to inform the management of its
district heating network and future incentive programs.

Following the workshop, a team from Middlebury College
expanded the seedUBEM to the entire town ofMiddlebury. Themodel

Fig. 4 | Annual carbon emissions (normalized) for baseline, shallow, and deep
retrofit scenarios, with current and projected grid emissions factors and with
andwithout 100%rooftopphotovoltaics deployment.Where applicable, carbon

emission targets are shown in red lines. Whilemany cities canmeet their near-term
carbon emissions reduction targets, meeting their long-term targets will require
grid decarbonization and end-use electrification.
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has grown further and now covers all of Addison County’s 23 towns,
with approximately 12,000buildings. A representative survey to better
characterize the building stock is ongoing to adapt the U.S. Depart-
ment of Energy’s building templates to rural Vermont.

The Université de Montréal, in collaboration with the municipal
government, has developed a “virtual island” model of the whole
metropolitan area. The project is funded by the Institut Trottier de
l’Énergie, and efforts are underway to calibrate the model using select
measured data and develop plans for a heat-sharing network in
neighborhoods undergoing major redevelopment.

In Singapore, students from the National University of Singapore
have expanded the seed model, focusing on solar energy potential for
high-rise buildings.

Discussion
Policy implications
Whilemany cities recognize the urgency to reduce carbon emissions of
their existing building stock and have established ambitious targets,
municipal representatives struggle to define clear technology pathways
that they can communicate to their constituents. For cities aspiring to
reach net-zero carbon emissions—such as Braga, Florianopolis, Kiel, and
Montreal—a full-scale implementation of what their representatives
consider a deep retrofit alongwithdeploymentof PVon all rooftops can
only reach this goal for existing buildings if their grid is decarbonized at
the same time and heating and hot water end uses are fully
electrified33–35. This need extends to cold climates where heat pump
manufacturers now also offer viable solutions36. However, in cities like
Montreal, owners thinking of adopting heat pumps now face two bar-
riers: it is currently cheaper toheat abuildingwith natural gas, and there
is still widespread (if disproven) skepticism as to whether the latest
generation of air-source heat pumps can reliably heat a building in such
a cold climate37. As a transitional solution, existing electric resistance
heating systems in Montreal could remain in place and back up newly
installed heat pumps if needed. Otherwise, owners who decide today to
switch to natural gas-based heating will likely remain with that tech-
nology for decades38.Most participatingmunicipalities in our study also
disregarded the remaining fuel use from domestic hot water, which
faces the same dilemma as the electrification of space heating but (at
least for our study participants) currently seems to receive less atten-
tion. A reason for this may be that domestic hot water heat pump
installations in cold climates remain somewhat rare.

Asmentioned in the introduction, technology adoption over time
is a key missing factor in this study. Estimates for building retrofitting
rates, which include non-energy related modifications such as updat-
ing a bathroomor adding an extension, tend to hover at around 1% per
year6. This means that cities that can theoretically meet their 2030
targets through the tested technology pathways would need to
instantly boost the annual retrofit rate for their deep retrofit scenario
to 12.5% to reach this goal. This suggests that municipalities currently
work at implementation rates that are an order of magnitude too low.

Figure 4 highlights the tight relationship between buildings and
the electric grid, showing they must be decarbonized together. While
municipalities are probably in a better position to help their con-
stituents to renovate their buildings, only utilities understand the
impact of suchchanges on the grid alongwith other trends, such as the
widespreadadoption of electric vehicles. It therefore seems that rather
than working with a single cross-sector carbon reduction target, cities
need specific guidance on how much savings their building stock
needs to accomplish and at what time. Our workshop finding shows
that UBEM-based approaches can help implement those building-
specific targets.

Workshop lessons
Our three-day workshop experiment and post-workshop survey con-
firm thewidely reportedpoliticalmomentumamongcity governments

to reduce carbon emissions. Municipal representatives implementing
carbon emissions reduction targets generally appreciate data-driven
methods to guide their policy development. Participating cities with-
out previously established carbon emissions reduction targets parti-
cularly benefited from theworkshop as the UBEM simulations can help
them to link targets to a particular set of measures. Florianopolis, for
example, reported its intention touse the results from theworkshop to
establish dedicated carbon reduction goals for existing buildings.

Another workshop finding is that each city’s specific technology
measures significantly vary due to climate, political, and economic
boundary conditions, and the state of existing buildings. There is no
one-size-fits-all approach for the built environment. It should be
stressed that while the technology measures modeled and explored in
this study consider local building stock characteristics, they would not
necessarily deliver the most cost-effective decarbonization or EUI
reductions nor move the city/municipality most expediently towards
its stated carbon goal. This is not surprising. Decades ago, individual
building energy models were developed to help design teams identify
the most suitable combination of energy conservation measures for a
particular building project.

While the seed UBEMs used in this workshop provide a first
benchmark result, we caution that cities with non-homogenous
building stocks will need to model their entire building stock. The
required effort mainly consists of additional simulation time and data
storage, i.e., cost, rather than human resources or additional expertise.
Fortunately, four out of eight participating municipalities of varying
size (Dublin, Kiel, Middlebury, and Montreal) did manage to secure
public or private funding tomake UBEMs an integral part of managing
local energy infrastructure, such as district heating systems or estab-
lishing retrofit incentive programs. We therefore conclude that this
approach is scalable and encourage municipalities worldwide to con-
duct similar data-driven studies to establish baselines and predict the
saving potential for various technologies. The resulting policy plans,
which describe what upgrades need to happen in which type of
buildings, can be effective for political consensus building as indivi-
dual homeowners, who ultimately have to pay for implementing those
changes, can understand how their contributions fit within a larger
context. Such an analysis also ensures that cities do not overlook
energy use from, for example, domestic hot water.

Given the plethora of tasks that municipal government workers
face today, it seems likely that more NGOs or sustainability consulting
offices will start offering UBEM-based carbon reduction strategies to
city governments to inform long-term energy policy.

Thinking beyond these introductory workshops, which provide a
technological pathway to align policy targets with concrete actions, city
governmentswill need toengage in a seriesof follow-upexercises. These
include carefully considering the costs to homeowners of the desired
upgrades, raising awareness of existing incentive programs among eli-
gible citizens, and potentially lobbying for new subsidy programs that
ensure retrofit measures are implemented across the demographic
spectrum. Training a local workforce to implement those changes at fair
costs is also vital. Finally, efforts to address emissions from new con-
struction will also be critical to achieving emissions targets.

Politically driven carbon reduction goals for existing buildings are
currently somewhat disconnected from technical realities in terms of
both the extent of considered upgrades and the speed of imple-
mentation. We demonstrate that recently developed urban building
energymodeling workflows havematured to a point at which they can
be widely applied with low effort and offer actionable information for
municipal decision-makers. With these tools, municipalities can
developfinancial incentive programs that persuadeowners to upgrade
their buildings while training a workforce that can implement these
measures. They also ensure that no emissions-reducing interventions
are left on the table in the quest to achieve ambitious but necessary
emissions-reduction goals.

Article https://doi.org/10.1038/s41467-023-37131-6

Nature Communications |         (2023) 14:1689 10



Methods
We deploy a consistent study framework across eight cities. Specifi-
cally, we first partner with representatives from the eight cities to
identify policy objectives and carbon emissions reduction goals. We
then work with each city to identify prototypical regions representing
the local building stock (seed neighborhoods). Next, we gather geo-
metric data such as geographical information system (GIS) files con-
taining building footprints and building heights, as well as non-

geometrical properties of the building stock, including but not limited
to construction properties, window-to-wall ratios, mechanical system
types, and occupancy profiles. We retrieve weather data for each city
from public repositories39,40.

These inputs are combined to construct seed urban building
energy models for each city and run a baseline operational energy
simulation of existing conditions. We then implement shallow and
deep retrofit scenarios in two derivative seed UBEMs and run mul-
tiple simulations to obtain energy use, peak demand, and carbon
emissions. Finally, we present the results to the city representatives
for feedback and discussions. Further details on select steps are
provided below.

Carbon reduction goals
Although the participating cities differ in size, climate, demographics,
urban typologies, and building characteristics, most cities in our study
have at least economy-wide carbon emissions reduction strategies or
climate action plans. These targets are broadly in line with the Paris
Climate Agreement, withmost plans having timelines including a near-
term target and a longer-term goal aiming for economy-wide net-zero
emissions by 2050. However, only five out of the eight participating
cities indicate that they have a detailed carbon inventory, andonly four
have carbon reduction plans specifically for buildings. Most partici-
pating cities originally derived their buildings’ carbon reduction goals
and targets using a mix of in-house teams, government agencies, and

Table 3 | Pre-workshop survey questions provided to municipal representatives

Which building retrofit technologies is your city/municipality most interested in?

Control strategies (e.g., smart thermostats)

District energy systems (e.g., low-temperature district heating)

Envelope retrofitting (e.g., façade, roof, windows, weatherization, etc.)

Lighting (e.g., LEDs)

Heat pumps (e.g., geothermal and/or air -source, etc.)

Passive design strategies

Solar photovoltaics

Other

Table 4 | Lighting power densities and equipment loads for the baseline, shallow and deep retrofit building simulation
templates

Lighting power density [W/m2] Equipment power density [W/m2]

City Archetype Baseline Shallow retrofit Deep retrofit Baseline Shallow retrofit Deep retrofit

Braga Commercial NA NA NA NA NA NA

Residential 5 5 1.5 13 13 6

Cairo Commercial 8 4 4 12 7 7

Residential 8 4 4 12 7 7

Dublin Commercial NA NA NA NA NA NA

Residential 5 5 5 10 7 7

Florianopolis Commercial 9.13 9.13 9.13 24.2 11.3 11.3

Residential 5 5 5 6 4.5 4.5

Kiel Commercial 1.5 1.5 1.5 2 2 2

Residential 1.5 1.5 1.5 2 2 2

Middlebury Commercial 12 12 12 8 8 8

Residential 2.6 2.6 2.6 10 10 10

Montreal Commercial 12 12 12 8 8 8

Residential 7 7 7 4 4 4

Singapore Commercial 11.5 8 8 14.5 10.5 10.5

Residential 9 5 5 14 8 8

Values shown are the mean across all that types for cities with more than two templates.

Table 5 | Average heating and cooling COPs for the baseline,
shallow, and deep retrofit templates

Heating COP Cooling COP

City Baseline Shallow
retrofit

Deep
retrofit

Baseline Shallow
retrofit

Deep
retrofit

Braga 0.9 0.9 0.9 NA 3 3

Cairo NA NA NA 2 2 4.5

Dublin 0.65 0.9 0.9 NA NA NA

Florianopolis NA NA 3 3 3 5

Kiel 1 1 3.5 NA NA NA

Middlebury 0.9 2 3 2 3.5 4

Montreal 1 0.95 4 3 3 4

Singapore NA NA NA 3.23 3.23 6.5
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Fig. 5 | Solar energy analysis for the eight cities and annual solar energy yield.
Toanalyze solar energy potential, wedesigned a custom visual programming script
in the Rhinoceros3D CAD and Grasshopper visual programming/scripting envir-
onment. Specifically, our script extrudes rooftop areas as horizontal surfaces with
surface normal pointing in the direction of the z-axis. Based on the areas, the

weather file, potential shading, and efficiencies of the solar panels for each city, we
run the modeling and simulation to derive the annual energy yield for each region
(in kWh). The bar graphs show the total solar energy generated over a year for all
rooftops in the seed neighborhoods.
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external consultants. Only two cities reported having previously used
data-driven methods to inform their targets.

Climate data
An annual weather file is needed for every city to characterize local
climate conditions. We use typical meteorological year (TMY) weather
files that are freely available online for each of the eight jurisdictions.
TMYs are text files that include location-specific attributes such as
longitude, latitude, elevation, monthly average ground temperature,
historic hourly dry bulb temperature, relative humidity, solar radia-
tion, and wind speed41. To study the impact of climate change on the
city of Braga, we use the CCWeatherGen tool42 to generate a morphed
weatherfile for 2080 that represents the potential future climate in the
region.

Building archetypes
Tomodel anexistingbuilding stock, the buildingsmustbedivided into
similar groups or archetypes. For all archetypes, so-called building
simulation templates must be developed. These templates contain
non-geometric building information that ranges from construction
practices to usage schedules, setpoints, and HVAC system perfor-
mance. This is the most challenging part of the analysis, as it requires
expert knowledge of each city’s current and historic construction
practices. To tackle this task, it is customary tobreak thebuilding stock
into archetypes by the construction period and usage type (i.e., resi-
dential, commercial, retail, etc.). For the U.S. and Canada, the U.S.
Department of Energy offers detailed building descriptions for 16
program types and 16 climate zones in the form of Commercial
Reference Buildings43 which were used for Middlebury and Montreal.
For Dublin, Buckley et al. (2021)27 recently proposed and validated a
workflow to convert stock data from the European Tabula Project44

into archetype templates used for this analysis28. A similar approach
was adopted for Kiel, as Germany had also participated in the Tabula
project. For Braga, we used UBEM templates previously developed for
the Portuguese building stock by Monteiro et al.45. For Cairo, we used
validated building templates from a previous project in Kuwait22. In
Singapore, we started with the U.S. Department of Energy Reference
Buildings for Climate Zone 2A43 andworkedwith local building science
experts who were part of the city’s modeling team to adjust them to
the local context. In Florianopolis, we relied on templates provided by
building simulation experts from the Federal University of Santa Cat-
arina, who also participated in the workshop. Table 2 summarizes key
information for all eight cities’ baseline archetypes and GIS data.
Table 2 also documents the 2021 and projected 2050 electricity
emissions factors used to calculate all carbon emissions from elec-
tricity consumption in each jurisdiction.

UBEM development
Urban building energy modeling (UBEM) is a physics-based approach
to simulate the thermal performance, space conditioning loads, and
energy use of multiple buildings on the urban scale11. The authors
previously developed a web-based tool (UBEM.io)46 for multiple use
cases, that rapidly generates urban building energy models based on
GIS shapefiles containing building footprints, building heights, and
program types. UBEM.io comprises a front-end built using JavaScript
(and the React JavaScript library) for user interaction and inputs. A
backend developed with the Python programming language provides
the application programming interfaces (APIs) and functionalities. It
also synchronizes with a building template library, allowing users to
assign building parameter templates to characterize the buildings’
physical properties, mechanical systems, occupancy profiles, and
other attributes.

The baseline urban building energy models for all eight cities are
constructed via UBEM.io using the input GIS, TMY, and template files
described above. We subsequently conducted the urban building

energy modeling and building performance simulations using the
Urban Modeling Interface (UMI)47, a simulation plugin for the Rhino-
ceros3D computer-aided design (CAD) environment. UMI utilizes the
EnergyPlus simulation engine48 to simulate space conditioning (e.g.,
heating, cooling, ventilation), equipment, and other loads and their
associated energy use. EnergyPlus is a whole-building console-based
energy modeling engine that implements detailed physics-based cal-
culations for heat transfer, air, and other thermal metrics.

While nomeasuredbuilding energydatawas available for the seed
UBEMs, according to a comparison of multiple UBEM studies49, our
uncalibratedbaselineUBEMswith carefully selected templates provide
sufficiently accurate information to predict annual energy use and
(more importantly) estimate energy and carbon emission savings from
various retrofit measures at the neighborhood level. This is because
simulation errors for individual buildings tend to cancel out at the
urban scale.

Retrofit scenarios
After generating the baseline seed UBEMs, we build shallow and deep
retrofit archetype templates based on the stakeholder input docu-
mented in Table 1. Before the workshop, city representatives were
given a list of common building technologies in Table 3. Tables 4 and 5
provide key simulation assumptions for the shallow and deep retrofit
upgrades. Resulting baseline and upgrade scenarios are then run with
results reported at hourly intervals. The cumulative yearly energy
consumption is used alongwith the various emissions factors to report
yearly carbon dioxide emissions, while the hourly results are used to
find the peak demand. This is the hour in the year when the electricity
consumption ismaximal across all electricity end-uses in the buildings,
setting the yearly peak demand value (in kW).

Photovoltaic modeling and simulation
To simulate rooftop PV potential, we rely on the EnergyPlus PV mod-
ule, invoked via ClimateStudio50, an environmental performance and
analysis tool for the Rhinoceros3D CAD environment. The simulations
assume PV module efficiencies of 15%, with modules installed on all
rooftop areas in the seed UBEMs. The calculations consider shading
from neighboring buildings when estimating potential electricity
generation from PV. Figure 5 shows the resultingmonthly solar energy
yield for each municipality.

Data availability
Certain building-specific data provided by the city representatives for
this study are confidential due to privacy concerns, but otherwise, data
for the seed models are available upon request.

Code availability
UMI47 and UBEM.io46 are publicly available and free to use with select
code repositories and custom scripts available upon request. The
method can be replicated and is scalable for any other city or
municipality.

References
1. United Nations Department of Economic and Social Affairs, “68% of

the world population projected to live in urban areas by 2050, says
UN,” 18 May 2018. https://www.un.org/development/desa/en/
news/population/2018-revision-of-world-urbanization-prospects.
html#:~:text=News-,68%25%20of%20the%20world%20population
%20projected%20to%20live%20in,areas%20by%202050%2C%
20says%20UN&text=Today%2C%2055%25%20of%20the%20.
Accessed 20 Nov 2020.

2. Dasgupta, S., Lall, S. & Wheeler, D. “Cutting global carbon emis-
sions: where do cities stand?”, World Bank Blogs, 5 Jan 2022,
https://blogs.worldbank.org/sustainablecities/cutting-global-
carbon-emissions-where-do-cities-stand. Accessed 13 Sep 2022.

Article https://doi.org/10.1038/s41467-023-37131-6

Nature Communications |         (2023) 14:1689 13

https://www.un.org/development/desa/en/news/population/2018-revision-of-world-urbanization-prospects.html#:~:text=News-,68%25%20of%20the%20world%20population%20projected%20to%20live%20in,areas%20by%202050%2C%20says%20UN&text=Today%2C%2055%25%20of%20the%20
https://www.un.org/development/desa/en/news/population/2018-revision-of-world-urbanization-prospects.html#:~:text=News-,68%25%20of%20the%20world%20population%20projected%20to%20live%20in,areas%20by%202050%2C%20says%20UN&text=Today%2C%2055%25%20of%20the%20
https://www.un.org/development/desa/en/news/population/2018-revision-of-world-urbanization-prospects.html#:~:text=News-,68%25%20of%20the%20world%20population%20projected%20to%20live%20in,areas%20by%202050%2C%20says%20UN&text=Today%2C%2055%25%20of%20the%20
https://www.un.org/development/desa/en/news/population/2018-revision-of-world-urbanization-prospects.html#:~:text=News-,68%25%20of%20the%20world%20population%20projected%20to%20live%20in,areas%20by%202050%2C%20says%20UN&text=Today%2C%2055%25%20of%20the%20
https://www.un.org/development/desa/en/news/population/2018-revision-of-world-urbanization-prospects.html#:~:text=News-,68%25%20of%20the%20world%20population%20projected%20to%20live%20in,areas%20by%202050%2C%20says%20UN&text=Today%2C%2055%25%20of%20the%20
https://blogs.worldbank.org/sustainablecities/cutting-global-carbon-emissions-where-do-cities-stand
https://blogs.worldbank.org/sustainablecities/cutting-global-carbon-emissions-where-do-cities-stand


3. Milhahn,K. “UNNews:ClimateChange,” 18September2019.https://
news.un.org/en/story/2019/09/1046662. Accessed 2 Feb 2021.

4. International Institute for Sustainable Development, “77 Countries,
100+ Cities Commit to Net Zero Carbon Emissions by 2050 at Cli-
mate Summit,” IISD SDG Knowledge Hub, 24 September 2019.
https://sdg.iisd.org/news/77-countries-100-cities-commit-to-net-
zero-carbon-emissions-by-2050-at-climate-summit/. Accessed 20
Nov 2020.

5. Intergovernmental Panel onClimate Change, “Buildings in: Climate
Change 2014: Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report of the Inter-
governmental Panel,” Cambridge University Press, Cambridge,
United Kingdom and New York, USA, 2014.

6. IEA, “Sustainable Recovery,” IEA, Paris, 2020.
7. Weber, R., Mueller, C. & Reinhart, C. “Building for Zero, The Grand

Challenge of Architecture without Carbon,” SSRN, no. https://
papers.ssrn.com/sol3/papers.cfm?abstract_id=3939009, 2021.

8. Timperley, J. “UK homes need ‘deep efficiency retrofit’ to meet
climate goals,” Carbon Brief, 11 October 2018. https://www.
carbonbrief.org/uk-homes-need-deep-efficiency-retrofit-meet-
climate-goals. Accessed 2 Feb 2021.

9. Urbanek, L. & Shahyd, K. “Biden Plan Promises Better Buildings, for
Climate and Equity,” NRDC, 17 November 2020. https://www.nrdc.
org/experts/lauren-urbanek/biden-plan-promises-better-
buildings-climate-and-equity. Accessed 2 Feb 2021.

10. Berzolla, Z. Ang, Y. Q. & Reinhart, C. “Combining Urban Building
Energy Models with Retrofit Adoption Models for Time-Dependent
Carbon Emissions Projections,” in Proceedings of the 2022 ACEEE
Summer Study on Energy Efficiency in Buildings, 2022.

11. Ang, Y. Q., Berzolla, Z. M. & Reinhart, C. “From concept to appli-
cation: A review of use cases in urban building energy modeling,”.
Appl. Energy 279, 115738 (2020).

12. Ang, Y. Q. et al. “Multi-objective optimization of hybrid renewable
energy systems with urban building energy modeling for a proto-
typical coastal community,”. Renew. Energy 201, 72–84 (2022).

13. Chen, Y., Hong, T. & Piette, M. A. “City-Scale Building Retrofit
Analysis: A Case Study using CityBES,” in Building Simulation 2017,
San Francisco, California, 2017.

14. Tezo, L. et al. “Large scale energy analysis and renovation strate-
gies for social housing in the historic city of Venice,”Sustain. Energy
Technol. Assess. 52, Part A (2022).

15. National Renewable Energy Lab, “TheLosAngeles 100%Renewable
Energy Study (LA100),” U.S. Department of Energy Office of Sci-
entific and Technical Information, United States, 2021.

16. Cleveland, C. J. et al. “Carbon Free Boston Summary Report,”
Boston Green Ribbon Commission, Boston, MA, 2019.

17. World Energy Council, “Household Electricity Use,” World Energy
Council, 2012. https://wec-indicators.enerdata.net/household-
electricity-use.html#/household-electricity-use.html. Accessed 9
Dec 2021.

18. Energy Market Authority, “Publications and Statistics,” Energy
Market Authority, 2021. https://www.ema.gov.sg/Statistics.aspx.
Accessed 9 Dec 2021.

19. Raman, G. & Peng, C.-H. J. “Electricity consumption of Singaporean
households reveals proactive community response to COVID-19
progression,” Proc. Natl Acad. Sci. USA. 118. https://doi.org/10.
1073/pnas.2026596118, (2021).

20. Temasek, “Bringing Distributed District Cooling to Our Town Cen-
tres - A Cool Solution for A Greener Singapore,” 19 August 2021.
https://www.temasek.com.sg/en/news-and-views/news-room/
news/2021/distributed-district-cooling-for-a-greener-singapore.
Accessed 22 Oct 2021.

21. Khalil, H. A. E. E., Ibrahim, A., Elgendy, N. & Makhlouf, N. “Could/
should improving the urban climate in informal areas of fast-

growing cities be an integral part of upgrading processes? Cairo
case,”. Urban Clim. 24, 63–79 (2019). no.

22. Cerezo, C. et al. “Comparison of four building archetype char-
acterization methods in urban building energy modeling (UBEM): A
residential case study in Kuwait City,”. Energy Build. 154,
321–334 (2017).

23. Horta, A. et al. “Energy poverty in Portugal: Combining vulnerability
mapping with household interviews,”. Energy Build. 203. https://
doi.org/10.1016/j.enbuild.2019.109423, (2019).

24. Hernandez-Morales, A. “Freezing in paradise: Portugal’s energy
poverty problem,” 10 February 2021. https://www.politico.eu/
article/freezing-in-paradise-portugals-energy-poverty-problem/.
Accessed 22 Oct 2021.

25. Santos, F., Forbes, K. & Moita, R. Climate Change in Portugal: Sce-
narios, Impacts and Adptation Measures, Gradiva, 2022.

26. Bimbaum, M. & Mufson, S. “E.U. will unveil a strategy to break free
from Russian gas, after decades of dependence,” The Washington
Post, 23 February 2022. https://www.washingtonpost.com/
climate-environment/2022/02/23/russia-ukraine-eu-nordstream-
strategy-energy/. Accessed 9 Mar 2022.

27. Buckley, N., Mills, G., Reinhart, C., Berzolla, Z. M. “Using urban
building energy modelling (UBEM) to support the new European
Union’s Green Deal: Case study of Dublin Ireland,” Energy Build.
247. https://doi.org/10.1016/j.enbuild.2021.111115, (2021).

28. Buckley, N., Mills, G., Mee, A. “An Urban Building Energy Model
using a building topology: A case study of Dublin, Ireland,” in 10th
International Conference on Urban Climate/14th Symposium on the
Urban Environment, New York, 2018.

29. United States Environmental Protection Agency, “Power Profiler,”
United States Environmental Protection Agency, 21 September
2021. https://www.epa.gov/egrid/power-profiler#/. Accessed 22
Oct 2021.

30. Langevin, J. et al. “USbuilding energy efficiency andflexibility as an
electric grid resource,”. Joule 5, 2012–2128 (2021). no.

31. U.S. Energy Information Administration, “Electricity explained -
Electricity generation, capacity, and sales in the United States,”U.S.
Energy InformationAdministration, 21March 2021. https://www.eia.
gov/energyexplained/electricity/electricity-in-the-us-generation-
capacity-and-sales.php. Accessed 22 Oct 2021.

32. U.S. Department of Energy, “Chapter 5: Increasing Efficiency of
Building Systems and Technologies,” in Quadrennial Technology
Review - An Assessment of Energy Technologies and Research
Opportunities, U.S. Department of Energy, 2015. p. 39.

33. Gerdes, J. “Heat pumps unlock the path to building decarbonisa-
tion,” Energy Monitor, 29 December 2020. https://www.
energymonitor.ai/tech/electrification/heat-pumps-unlock-the-
path-to-building-decarbonisation. Accessed 22 Jan 2022.

34. Wang, Y., Wang, J. & He, W. Development of efficient, flexible and
affordable heat pumps for supporting heat and power dec-
arbonisation in the UK and beyond: Review and perspectives.
Renew Sustain Energy Rev. 154, 111747 (2022).

35. Gaur, A. S., Fitwi, D. Z. & Curtis, J. “Heat pumps and our low-carbon
future: A comprehensive review,”. Energy Res. Soc. Sci. 71,
101764 (2021).

36. Korn, D., Walczyk, J. & Jackson, A. “Evaluating Cold Climate Heat
Pumps: Understanding How and Where Cold Climate Heat Pumps
Can Displace Less Efficient Heating Sources,” in 2017 International
Energy Program Evaluation Conference, Baltimore, MD, 2017.

37. Schoenbauer, B., Kessler, N., Bohac, D., & Kushler, M., “Field
Assessment of Cold Climate Air Source Heat Pumps,” in ACEEE
Summer Study on Energy Efficiency in Buildings, 2016.

38. Langevin, J., Harris, C. & Reyna, J. “Assessing the Potential to
Reduce U.S. Building CO2 Emissions 80% by 2050,”. Joule 3,
2403–2424 (2019).

Article https://doi.org/10.1038/s41467-023-37131-6

Nature Communications |         (2023) 14:1689 14

https://news.un.org/en/story/2019/09/1046662
https://news.un.org/en/story/2019/09/1046662
https://sdg.iisd.org/news/77-countries-100-cities-commit-to-net-zero-carbon-emissions-by-2050-at-climate-summit/
https://sdg.iisd.org/news/77-countries-100-cities-commit-to-net-zero-carbon-emissions-by-2050-at-climate-summit/
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3939009
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3939009
https://www.carbonbrief.org/uk-homes-need-deep-efficiency-retrofit-meet-climate-goals
https://www.carbonbrief.org/uk-homes-need-deep-efficiency-retrofit-meet-climate-goals
https://www.carbonbrief.org/uk-homes-need-deep-efficiency-retrofit-meet-climate-goals
https://www.nrdc.org/experts/lauren-urbanek/biden-plan-promises-better-buildings-climate-and-equity
https://www.nrdc.org/experts/lauren-urbanek/biden-plan-promises-better-buildings-climate-and-equity
https://www.nrdc.org/experts/lauren-urbanek/biden-plan-promises-better-buildings-climate-and-equity
https://wec-indicators.enerdata.net/household-electricity-use.html#/household-electricity-use.html
https://wec-indicators.enerdata.net/household-electricity-use.html#/household-electricity-use.html
https://www.ema.gov.sg/Statistics.aspx
https://doi.org/10.1073/pnas.2026596118,
https://doi.org/10.1073/pnas.2026596118,
https://www.temasek.com.sg/en/news-and-views/news-room/news/2021/distributed-district-cooling-for-a-greener-singapore
https://www.temasek.com.sg/en/news-and-views/news-room/news/2021/distributed-district-cooling-for-a-greener-singapore
https://doi.org/10.1016/j.enbuild.2019.109423,
https://doi.org/10.1016/j.enbuild.2019.109423,
https://www.politico.eu/article/freezing-in-paradise-portugals-energy-poverty-problem/
https://www.politico.eu/article/freezing-in-paradise-portugals-energy-poverty-problem/
https://www.washingtonpost.com/climate-environment/2022/02/23/russia-ukraine-eu-nordstream-strategy-energy/
https://www.washingtonpost.com/climate-environment/2022/02/23/russia-ukraine-eu-nordstream-strategy-energy/
https://www.washingtonpost.com/climate-environment/2022/02/23/russia-ukraine-eu-nordstream-strategy-energy/
https://doi.org/10.1016/j.enbuild.2021.111115,
https://www.epa.gov/egrid/power-profiler#/
https://www.eia.gov/energyexplained/electricity/electricity-in-the-us-generation-capacity-and-sales.php
https://www.eia.gov/energyexplained/electricity/electricity-in-the-us-generation-capacity-and-sales.php
https://www.eia.gov/energyexplained/electricity/electricity-in-the-us-generation-capacity-and-sales.php
https://www.energymonitor.ai/tech/electrification/heat-pumps-unlock-the-path-to-building-decarbonisation
https://www.energymonitor.ai/tech/electrification/heat-pumps-unlock-the-path-to-building-decarbonisation
https://www.energymonitor.ai/tech/electrification/heat-pumps-unlock-the-path-to-building-decarbonisation


39. Climate.OneBuilding.Org, “Climate.OneBuilding.Org - Repository
of free climate data for building performance simulation,” 12 Feb-
ruary 2021. https://climate.onebuilding.org/. Accessed 22
Oct 2021.

40. U.S. Department of Energy Building Technologies Office, “Energy
Plus - Weather Data by Location,” U.S. Department of Energy
Building Technologies Office, 2021. https://energyplus.net/
weather-location/north_and_central_america_wmo_region_4/USA/
AK/USA_AK_Big.Delta-Allen.AAF.702670_TMY. Accessed 22
Oct 2021.

41. DesignBuilder, “Climate Analytics: EnergyPlus Weather File (EPW)
Format,”. https://designbuilder.co.uk/cahelp/Content/
EnergyPlusWeatherFileFormat.htm. Accessed 22 Jan 2022.

42. Jentsch, M., Bahaj, A. & James, P. “Climate change future proofing
of buildings—Generation and assessment of building simulation
weather files.,”. Energy Build. 40, 2148–2168 (2008).

43. US Department of Energy, “Commercial Reference Buildings,”
2022. https://www.energy.gov/eere/buildings/commercial-
reference-buildings. Accessed 31 Jul 2022.

44. TABULA, “TABULA WebTool,” 11 June 2017. https://episcope.eu/
building-typology/country/de/. Accessed 9 Jan 2021.

45. Monteiro, C. S., Pina, A., Cerezo, C., Reinhart, C. & Ferrao, P. “The
Use of Multi-detail Building Archetypes in Urban Energy Model-
ling,”. Energy Procedia 111, 817–825 (2017).

46. Ang, Y. Q., Berzolla, Z. M., Letellier-Duchesne, S., Jusiega, V. &
Reinhart, C. “UBEM.io: A web-based framework to rapidly generate
urban building energy models for carbon reduction technology
pathways,”. Sustain. Cities Soc. 77, 103534 (2021).

47. Reinhart, C., Dogan, T., Jakubiec, A., Rakha, T. & Sang, A. “Umi- An
urban simulation environment for building energy use, daylight and
walkability,” in Proceedings of BS2013: 13th Conference of Interna-
tional Building Performance Simulation Association, Chambery,
France, 2013.

48. United States Department of Energy, “EnergyPlus,” United States
Department of Energy, 30 September 2020. https://energyplus.
net/. Accessed 7 Feb 2021.

49. Reinhart, C. &Cerezo, C. Davila, “Urbanbuilding energymodeling—
a review of a nascent field. Build. Environ. 97, 196–202 (2016).

50. Solemma, “Climate Studio,” Solemma, 2021. https://www.
solemma.com/climatestudio. Accessed 22 Oct 2021.

51. Singapore Ministry of Sustainability and the Environment, “Singa-
pore’s Climate Action Plan,” Singapore Ministry of Sustainability
and the Environment, Singapore, 2015.

52. Governo Federal, “PRESS RELEASE N. 157: Brazil submits its
Nationally Determined Contribution under the Paris Agreement,”
Ministério das Relações Exteriores, 09 December 2020. https://
www.gov.br/mre/en/contact-us/press-area/press-releases/brazil-
submits-its-nationally-determined-contribution-under-the-paris-
agreement. Accessed 22 Jan 2022.

53. Spring, J. & Paraguassu, L. “Brazil’s Bolsonaro, under U.S. pressure,
vows climate neutrality by 2050,” Reuters, 22 April 2021. https://
www.reuters.com/business/environment/bolsonaro-says-brazil-
will-reach-climate-neutrality-by-2050-2021-04-22/. Accessed 22
Jan 2022.

54. SCS Hohmeyer, “Masterplan 100% Klimaschutz,” Kiel / Flens-
burg, 2017.

55. Rincon Consultants, Inc., “Dublin Climate Action Plan 2030 and
Beyond,” City of Dublin, Dublin, 2020.

56. Middlebury Select Board, “Resolution Establishing a Goal for
Emissions of Carbon Dioxide associated with Town Operations,”
Town of Middlebury, Vermont, Middlebury, VT, 2021.

57. U.S. Climate Resilience Toolkit, “Vermont Climate Action Plan,”
December 2021.. https://toolkit.climate.gov/reports/vermont-
climate-action-plan#:~:text=The%20Vermont%20Climate%

20Action%20Plan,clean%20energy%20industry%20and%20jobs..
Accessed 13 Sep 2022.

58. City of Montreal, “Montreal Climate Plan 2020-2030,” City of
Montreal, Montreal, 2020.

59. U.S. Department of Energy, “Prototype Building Models,” U.S.
Department of Energy Office of Energy Efficiency & Renewable
Energy, 2022. https://www.energycodes.gov/prototype-building-
models. Accessed 9 Jan 2021.

60. United Nations Climate Change, “Nationally Determined Contribu-
tions Registry - Egypt’s First Updated Nationally Determined Con-
tributions,” 8 June 2022. https://unfccc.int/NDCREG. Accessed 13
Sep 2022.

61. Serviços e Informações do Brasil, “Brazil is an ecological super-
power,” 18 January 2022. https://www.gov.br/en/government-of-
brazil/latest-news/2022/brazil-is-an-ecological-superpower.
Accessed 13 Sept 2022.

62. European Environment Agency, “Greenhouse gas emission inten-
sity of electricity generation in Europe,” 14 July 2022. https://www.
eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1.
Accessed 13 Sep 2022.

63. The White House, “FACT SHEET: President Biden Signs Executive
Order Catalyzing America’s Clean Energy Economy Through Fed-
eral Sustainability,” The White House, 2021.

64. Officeof theMinister of Environment andClimateChange, “Canada
launches consultations on a Clean Electricity Standard to achieve a
net-zero emissions grid by 2035,” Environment and Climate
Change Canada, Quebec, 2022.

Acknowledgements
This work has been supported by Shell (project number 6942292) under
the MIT Energy Initiative. Zachary Berzolla and Samuel Letellier-
Duchesne were supported by the US National Science Foundation
Graduate Research Fellowship (#2141064) and the Postdoctoral Fel-
lowship of the Natural Sciences and Engineering Research Council of
Canada, respectively. We are indebted to all workshop participants for
their dedication and enthusiasm, especially our main city contacts/
representatives Sabrina Dekker (Dublin), Ricardo Gomez (Braga),
Michael Kummert (Montreal), Roberto Lamberts (Florianopolis), Salma
Mousallem (Cairo), Shelly Pottorf (Middlebury), Dilys Teoh (Singapore),
and Jan Vollersen (Kiel). Ramon Weber helped with the generation
of Fig. 4.

Author contributions
Y.Q.A., Z.M.B., S.L.D., and C.F.R. designed the research, organized the
workshop, and interfaced with the city representatives. All authors
contributed to the modeling, discussion, and interpretation of the
results, as well as the writing of the manuscript. C.F.R. provided overall
supervision for the research/study.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Yu Qian Ang.

Peer review information : Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-37131-6

Nature Communications |         (2023) 14:1689 15

https://climate.onebuilding.org/
https://energyplus.net/weather-location/north_and_central_america_wmo_region_4/USA/AK/USA_AK_Big.Delta-Allen.AAF.702670_TMY
https://energyplus.net/weather-location/north_and_central_america_wmo_region_4/USA/AK/USA_AK_Big.Delta-Allen.AAF.702670_TMY
https://energyplus.net/weather-location/north_and_central_america_wmo_region_4/USA/AK/USA_AK_Big.Delta-Allen.AAF.702670_TMY
https://designbuilder.co.uk/cahelp/Content/EnergyPlusWeatherFileFormat.htm
https://designbuilder.co.uk/cahelp/Content/EnergyPlusWeatherFileFormat.htm
https://www.energy.gov/eere/buildings/commercial-reference-buildings
https://www.energy.gov/eere/buildings/commercial-reference-buildings
https://episcope.eu/building-typology/country/de/
https://episcope.eu/building-typology/country/de/
https://energyplus.net/
https://energyplus.net/
https://www.solemma.com/climatestudio
https://www.solemma.com/climatestudio
https://www.gov.br/mre/en/contact-us/press-area/press-releases/brazil-submits-its-nationally-determined-contribution-under-the-paris-agreement
https://www.gov.br/mre/en/contact-us/press-area/press-releases/brazil-submits-its-nationally-determined-contribution-under-the-paris-agreement
https://www.gov.br/mre/en/contact-us/press-area/press-releases/brazil-submits-its-nationally-determined-contribution-under-the-paris-agreement
https://www.gov.br/mre/en/contact-us/press-area/press-releases/brazil-submits-its-nationally-determined-contribution-under-the-paris-agreement
https://www.reuters.com/business/environment/bolsonaro-says-brazil-will-reach-climate-neutrality-by-2050-2021-04-22/
https://www.reuters.com/business/environment/bolsonaro-says-brazil-will-reach-climate-neutrality-by-2050-2021-04-22/
https://www.reuters.com/business/environment/bolsonaro-says-brazil-will-reach-climate-neutrality-by-2050-2021-04-22/
https://toolkit.climate.gov/reports/vermont-climate-action-plan#:~:text=The%20Vermont%20Climate%20Action%20Plan,clean%20energy%20industry%20and%20jobs
https://toolkit.climate.gov/reports/vermont-climate-action-plan#:~:text=The%20Vermont%20Climate%20Action%20Plan,clean%20energy%20industry%20and%20jobs
https://toolkit.climate.gov/reports/vermont-climate-action-plan#:~:text=The%20Vermont%20Climate%20Action%20Plan,clean%20energy%20industry%20and%20jobs
https://www.energycodes.gov/prototype-building-models
https://www.energycodes.gov/prototype-building-models
https://unfccc.int/NDCREG
https://www.gov.br/en/government-of-brazil/latest-news/2022/brazil-is-an-ecological-superpower
https://www.gov.br/en/government-of-brazil/latest-news/2022/brazil-is-an-ecological-superpower
https://www.eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1
https://www.eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-37131-6

Nature Communications |         (2023) 14:1689 16

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Carbon reduction technology pathways for existing buildings in eight cities
	Results
	Baseline and upgrade building energy scenarios
	Energy use intensities
	Building-related peak demand
	Carbon emissions
	Post-workshop follow-up

	Discussion
	Policy implications
	Workshop lessons

	Methods
	Carbon reduction goals
	Climate data
	Building archetypes
	UBEM development
	Retrofit scenarios
	Photovoltaic modeling and simulation

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




