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Abstract

At present mitigation and adaptations strategies
compete for constrained resources within a future of
uncertain climate impacts. Meeting decarbonisation
goals while implementing robust and resilient adap-
tation strategies requires an analysis structure that
can account for uncertainty as well as depict how the
intermingling of strategies may hinder or benefit the
ultimate trajectory of actions. The marginal abate-
ment cost curve (MACC) is an indispensable tool for
planning mitigation pathways, but has historically
not relied upon robust experimental analysis making
it notional at best nor has it included a view of adap-
tation pathways. This study utilizes a newly devel-
oped, medium-density residential community in Van-
couver, British Columbia, Canada as a case study for
developing a pathway-based MACC. Multiple mitiga-
tion and adaptation measures are modeled individu-
ally and through exhaustive combination to test their
sensitivity on marginal abatement cost and residual
cost of climate change. Several visualizations are cre-
ated to demonstrate several ways of analyzing the
resulting large set of data.

Key Innovations

• Visualization of marginal abatement cost of ur-
ban scale building and energy system interven-
tions.

• Intermingling of climate change mitigation and
adaptation strategies in a decision making frame-
work for development planning.

• The inclusion of embodied carbon as a metric
in determining carbon emissions and marginal
abatement cost.

• Contribution of an open-dataset of simulated de-
mand, cost, and emissions for use in reanalysis
and further studies.

Practical Implications

Open-source simulation tools can be used to test the
sensitivity of different decarbonisation and adapta-
tion strategies for an urban area, allowing planners
better models to make well-informed planning deci-
sions. The resulting visualizations of this study offer
a sample of this, as well as an example of a com-

prehensive urban building energy model. The re-
sults also raise questions about decarbonization path-
ways in British Columbia after strategies such as fuel
switching are implemented, reducing the majority of
emissions, but not entirely creating zero-carbon com-
munities.

Introduction

Atmospheric concentrations of carbon dioxide are
just over 410 parts per million, while recent esti-
mates from the National Centers for Environmen-
tal Information (2020) situate the Northern Hemi-
sphere’s land and ocean surface temperature anomaly
at 1.29°C from baseline (1961-1990). This may not
be considered a consistent level of global warming,
but it does indicate a dangerous warming trend fac-
ing human and non-human systems. Climate change
impacts are now being recognized as burdens on eco-
nomic and social systems (Frame et al., 2020). Im-
plementing adaptation strategies within the built en-
vironment is necessary to increase social resilience,
protect safety and life, and prevent economic dam-
age with the potential to bolster all of the above
(Schünemann et al., 2020). Simultaneously, the mit-
igation of present emissions, the abatement of pos-
sible future emissions, and the sequestration of at-
mospheric carbon is necessary to curtail increas-
ingly dangerous and catastrophic levels of warming.
This process of carbon drawdown is very familiar
within studies of the built environment with strate-
gies posed for transportation, buildings, agriculture,
forestry, and other land-uses. Mitigation and adap-
tation strategies though are rarely evaluated simulta-
neously in the context of urban development.

In the presence of limited resources and a range of
objectives, the cost and benefit of proposed strate-
gies need to be assessed on their own and while inter-
acting with other strategies, as well as under the un-
certainty of climate change and human action. The
interaction of strategies is a key factor explored in
Rysanek and Choudhary (2013), where exhaustive
simulation is applied in the modeling of fifteen in-
dividual building retrofit strategies (a total of 32,768
unique combinations). From this, a database of sim-
ulated retrofit-specific pathways for a single building
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Figure 1: The baseline UBEM for Wesbrook Village
in BC.

can be generated.

Introducing the scale of a neighborhood or even en-
tire city requires a more extensive modelling frame-
work as described above, as well as the considera-
tion of additional sources of model uncertainty at-
tributed to urban-scale matters. No longer would a
model be concerned with answering a single question
about a single existing building - how do we miti-
gate the most carbon at the lowest price? Now, the
model would being applied in the context of an exist-
ing area where buildings and empty plots could face
a known-unknown trajectory of either new develop-
ment, redevelopment, and no change. This brings in
the concept of a development timeline during which
differing scales of development may occur.

This study integrates several climate adaptation
strategies into the urban-scale energy simulation pro-
cess. Adaptation strategies are evaluated on the basis
of marginal costs of mitigation and adaptation, vis-
a-vis the influence of individual design strategies on
the resilience of the urban development to expected
climate change. This study will simulate the per-
formance of eight climate mitigation and adaptation
strategies alongside one urban development trajec-
tory and two climate change scenarios. The simu-
lations will be also carried out at two individual time
periods (2050 and 2080), for a case study community
in southwestern Canada: Wesbrook Village, Vancou-
ver, British Columbia (BC). A baseline urban build-
ing energy model (UBEM) was created to represent
the development of the community to-date.

Wesbrook Village

Wesbrook Village is a new residential community
under construction by the University of British
Columbia (UBC) (UBC Planning, 2020a,b). On its
completion within the next decade, the community
will provide permanent housing for over 25,000 res-
idents of Vancouver, BC primarily in mid-rise (4-6
stories) and high-rise residential towers (15-30 sto-
ries).

The development, referred to throughout the study as
Wesbrook, is a compelling case study as it can be con-
sidered a model of medium-density new development

for BC and North America at large. For example,
Wesbrook was developed under the auspices of a pro-
gressive building code, overseen by UBC, that targets
all new campus residential developments to satisfy
net-zero energy ready (NZER) performance levels by
2032.

Buildings of the Wesbrook community make use of
mix of energy systems. Some buildings provide space
heating through hydronic in-floor radiant systems;
some through electric baseboard heaters. Some build-
ings operate dedicated boilers for generating hot wa-
ter; other buildings receive hot water from a natural
gas-fired district energy system. This district heat-
ing system is described in the context of a UBEM
in McCarty and Rysanek (2020). Centralized space
cooling has not been provided for across the develop-
ment, but concerns around the potential need for fu-
ture space cooling is a growing concern for naturally-
ventilated buildings in the region (Rysanek et al.,
2021). With its current building codes, UBC does
intend that space cooling may be a required energy
service in the community in the next decade (UBC
Planning, 2021).

Retrofit and New Development Trajectory

The majority of Wesbrook has been completed as
of 2020, with 50% of the total expected build-out
of 725,925 sqm. remaining to be constructed. As
indicated in Figure 1 the yet-to-be-completed devel-
opment will be assessed in the model through the
future periods. The Wesbrook planning and devel-
opment scheme is well laid out in master-planning
documents (UBC Planning, 2020b). The simulation
framework is built from a baseline in 2020 of the com-
pleted development up to 2020. Two more time peri-
ods are simulated, the first in 2050 and then in 2080.
The base-case for each time period assumes that the
stock of buildings that were simulated in the previ-
ous time-step (existing) were retrofitted with simi-
larly performing technologies and components. New
buildings are however built to a performance profile
modeled after expected changes in the community’s
building performance code ((UBC Planning, 2021)).

Mitigation and adaptation decision tools

Rysanek and Choudhary (2013) expanded on the use
of marginal abatement cost curves as a tool for plan-
ning retrofit pathways in single building optimiza-
tion. The authors commentary was that by failing to
consider technical and economic interactions MACCs
such as those proposed by Mckinsey & Co. (2010)
were more illustrative than planning tools. With-
out accounting for the additionality of measures many
MACCs fall into this grouping and limit their over-
all effectiveness. Kesicki and Ekins (2012) acknowl-
edges temporal interactions as an additional dimen-
sion that need to be considered when constructing
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Table 1: Each strategy as it was applied in the simulations.
Strategy Description Scale Embodied COe Source
Adjust Comfort
Threshold

Raise cooling setpoints 1C and reduce heating
setpoints 1C

All Buildings N/A

Green Roof Install green roofs for insulation, albedo, and
heat gain benefits.

All Buildings (Jones, 2019)

Deep Envelope and
HVAC Retrofit

Install heat pumps for space heating and DHW
along with high performance shells and reduced
window-wall ratios

Existing Build-
ings

(Jones, 2019; Rodriguez
et al., 2019)

Passive House Require passive house building codes for enve-
lope.

New Buildings (Jones, 2019)

Heat Pumps Install heat pumps for space heating, cooling
and DHW.

All buildings (Rodriguez et al., 2019)

Mass Timber Construction must utilize mass timber. New Buildings (C-Change Labs, 2020)
Seawater Cooling Loop Buildings get space cooling from heat pump

that is amplified with a seawater cooling loop
All Buildings (Corix, 2014a; Jones, 2019)

Rooftop Photovoltaic Install grid-tied rooftop solar with net-metering All Buildings (Jones, 2019)

MACCs. Traditionally MACCs were developed for
annual-planning and more recently, as ambition has
grown, so too have their temporal scales. These in-
teractions can be summarized as understanding how
investments made in the past may affect the outcome
of the MACC, similar to the issue of technical and
economic interactions. In planning buildings or in-
frastructure with MACCs this becomes a significant
feature to consider as selecting investments to im-
plement, one typically does so along an investment
pathway.

It is also of particular importance when developing in-
frastructure or buildings to consider the impact of a
changing climate. Adaptation is prevalent in design-
ing buildings in proximity to rising seas, with strate-
gies ranging from hard measures such as levies and
dams to soft measures such as wetland restoration
(Pachauri et al., 2015). Evidence is pointing to the
need to consider other impacts, such as overheating
risk due to generally warmer days, nights with less
cooling capacity, and more intense heat waves (Lo-
mas and Porritt, 2017; Rysanek et al., 2021). Measur-
ing adaptation is a contentious field, as what defines
successful adaptation is not as simple to calculate as
net carbon emissions (Pachauri et al., 2015). Brooks
(2011) suggests several general criteria by which suc-
cessful adaptation can be assessed: feasibility, effica-
cy/effectiveness, efficiency, acceptability/legitimacy,
equity, and sustainability. The same authors also dis-
cuss the concept of Maladaptation, or the inadvertent
increase in vulnerability to climate change as a result
of development, which has equal importance to adap-
tation planning of buildings. For all criteria though,
measures begin with assessing vulnerability of a sub-
ject to a stressor or collection of stressors. In the case
of coastal development, a building’s adaptive capac-
ity and success can be measured by its vulnerability
to increasingly intense sea level rise and storm surge.
In the case of this study the stressor is heat gain and
the vulnerability of a building to overheating.

Methods

Urban Building Energy Model (UBEM)

The simulation framework utilizes an extension of
the City Energy Analyst (CEA) demand forecasting
model (Fonseca et al., 2016; The CEA team, 2020).
The CEA enables simulations of urban and neighbor-
hood scale energy systems, as well as independently
operating buildings.

The constructed UBEM consists of a base-case of de-
velopment and two future states of development, one
in 2050 and another in 2080. The base-case was sim-
ulated once to tune the model. Each of the future
states of development were simulated once for each
combination of strategies under both climate change
scenarios for a total of 1024 simulations.

The EnergyPlus Weather (EPW) file for Vancou-
ver, BC produced by Engineering Climate Services
Canada (2016) was morphed, following the algo-
rithms set out by Belcher et al. (2005) and expanded
upon by Jentsch et al. (2008). A 25-member en-
semble of climate model output data from Climate
Model Intercomparison Project 6 (CMIP6) models
was used in the morphing process. Two climate path-
ways are followed, discussed in this paper as the best-
case and worst-case scenarios. These are Shared So-
cioeconomic Pathway 1 (SSP126) and Shared Socioe-
conomic Pathway 5 (SSP585) defined in O’Neill et al.
(2017). Two morphed climate files were produced at
2050 and 2080 for each pathway.

Climate mitigation and adaptation strategies

Eight mitigation and adaptation strategies were se-
lected to evaluate under the development pathways
and climate change pathways. The strategies, de-
scribed in Table 1, reflect larger interventions into
either existing buildings, new buildings, both, or the
underlying energy system in the community. A strat-
egy is implemented alone as well as in combination
with the other seven to understand its range of poten-
tial impacts, which assists the decision-making frame-
work in determining a pathway to implement strate-
gies.
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Adaptation was considered as the capacity of a build-
ing to remain within its comfort threshold while also
mitigating carbon emissions. The threshold consid-
ered is between 18°C and 26°C. For each building in
each strategy-set the total amount of hours that in-
terior temperature exceeds the threshold is counted.
The median value from the buildings is then taken as
the adaptation metric for each strategy-set.

Simulation

For each development period and under each climate
change pathway the same eight strategies for carbon
mitigation and climate change adaptation to a chang-
ing climate were evaluated for their marginal cost of
carbon abatement. The simulation procedure for each
scenario began with the base-case, under which no
strategies were implemented, following with 255 iter-
ations where strategies where implemented alone and
in combination with each other. This was repeated
across both development pathways and both climate
change pathways, leading to 1024 total simulations
undertaken by the UBEM.

Total Annualized Cost

Components and technology costs was gathered
through several data sources, (Corix, 2014a; Schlueter
et al., 2016; Salasovich et al., 2016; Kegel et al., 2012;
Gordian, 2020). Cost is a highly uncertain data point
to incorporate into building energy models. Cost is
assessed as the net difference between a strategy-set
and the baseline, each calculated as the 30-year to-
tal annualized cost (TAC), shown in Eq. 1, from
within the City Energy Analyst, applying a 5% dis-
count rate, which was chosen after consulting the lo-
cal developers and planners.

Cann,tot = CRF (i, R)CNPC,tot (1)

Total Annualized Cost is the annualized value of the
total net present cost where CRF is the Cost Recov-
ery Factor, requiring i, the annual real discount rate,
and R, the lifetime considered. CNPC,tot is the total
net present cost for the lifetime considered.

Operational and embodied carbon

Operational carbon is taken as the carbon emitted
over a 30 year period from each building as a result of
energy consumption for plug-load, heating and cool-
ing, and ventilation service. BC’s electrical grid is
served by a hydroelectric power provider and is a low-
carbon source, at 10.8 kgCO2e/kWh (BC Ministry of
Environment, 2019). The district heating provider
intends for the system to be fed entirely from nat-
ural gas boilers until 2023 at which point there will
be a transition to a more complex system of natu-
ral gas peaking boilers and wate-heat primed electric
heat pumps. This system was previously modelled
in McCarty and Rysanek (2020). Its carbon inten-
sity was estimated to be between an annual average
of 10.8 and 180.0 kgCO2e/kWh. The range is due to

Figure 2: General results from the iterations
presented across total emissions over 30 years
and net 30-year total annualized cost.

Figure 3: Here we compare the demand on the dis-
trict heating system and show, in the highlighted gap,
where less natural gas was used due to the generally
warmer winter in SSP585.

fluctuations in the amount of natural gas used in the
system, as well as the amount of waste heat available
to create a more efficient lift in the heat pumps. Lim-
its imposed on heat pump and waste heat capacity are
drawn from the operator in Corix (2014b).

The embodied carbon of components and technolo-
gies of the models was gathered, similar to the cost
data, from a variety of sources (Jones, 2019; Droguett,
2019; C-Change Labs, 2020), and are cradle-to-gate.
The limitation with disparate data sources in this
portion of the research generally has to do with the
geography of the components involved. An effort was
made to first gather data from sources specific the BC
or the Pacific Northwest region of the US and than
from North America as a whole, before seeking data
from further away.
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Figure 4: Illustrative MACC made assuming a
budget of $11 million in net cost was permitted for
any plotted strategy-set.

Figure 5: Illustrative MACC made assuming an
emissions reduction threshold of 80% was neces-
sary for any plotted strategy-set.

Results

The simulation procedure was executed for 1024 sce-
narios, producing hourly demand results for each
building within the simulation space, as well as an-
nual cost and emissions results for each building. For
iterations in which rooftop-photovoltaic was an op-
tion a set of results was generated to be used in cor-
recting total grid-demand for the electricity generated
by the rooftop-photovoltaic. From these iterations
several MACCs were constructed in Figures 4, 5, and
6. The first two are illustrative MACCs in that they
present a set of possible interventions, but not nec-
essarily a pathway through which those interventions
can be connected. The latter two are true MACCs as
described in 6.

General Performance

Figure 2 displays net-cost and gross emissions for each
iteration within each of the four scenarios. Three
groups tend to emerge with the most stark difference
being that one group is emitting far more than the
other two. This is a result of those scenarios still rely-
ing on the natural-gas based heating system. This dif-
ference is apparent across both climate change path-
ways, leading to a conclusion that the impacts of a
more severe future climate is not disrupting mitiga-
tion efforts as predicted by the model. It appears to
enable it to an extent. Comparing the highlighted
groups of similar strategy-sets between the best-case
and worst-case scenarios a decrease in lifetime emis-
sions is apparent. We suspect that this is due to the
warmer temperatures reducing the heating seasons as
well as enabling the district to remain below the heat
pump capacity more of the year. Figure 3 shows this
in the operation of the district in the baseline cases
from each climate scenario

Visualizing decision making

MACCs were drawn as another form of visualising
decision making. Figure 4 is not a true MACC in
that you can only implement one of the strategy-sets,

represented by the bars. However, it improves on
previous illustrative MACCs in that the bars do not
unnecessarily represent single strategy interventions,
but rather a set of strategies. It was drawn to as-
sist in planning under the assumption that planners
are expecting a worst-case climate change scenario
by the end of the century and have set a budget
of an additional $11,000,000 that could be invested
across the development on mitigation and adaptation
strategies. The drawn MACC then presents every
possible combination under the development and cli-
mate change trajectory that falls below the budget,
selecting 01011001 at the marginal abatement cost of
-$123. Another illustrative MACC was drawn, seen in
Figure 5 assuming an emissions reduction threshold
of 80% by 2050 under the best-case climate scenario.
All bars represent strategy-sets that would reach that
reductions total, ultimately 0111000 is chosen at the
marginal abatement cost of -$50.

Of the two true MACCs used in this study, the first
represents a strategy-set that was chosen based on a
high degree of adaptability present, while also abat-
ing a large amount of emissions. This was done un-
der the worst-case climate scenario and the selected
strategy-set is 00011111 is highlighted in Figure 7.
Marginal abatement cost and the adaptation metric
were plotted in Figure 7 to evaluate optimal fronts of
each scenario.

Figure 6 describes how each strategy contributes to
the overall decrease in emissions. The MACC is
shown in Figure 6 where the first strategy, the in-
stallation of heat pumps in all buildings to service
space heating and cooling as well as domestic hot
water, contributes to the bulk of the emissions re-
duction. This is due to the impact that moving away
from the district heating system, which has the po-
tential to use natural gas if heating and DHW load
exceeds the district’s heat pump capacity. The ma-
jority of the abatement can be attributed to the heat
pump strategy, removing natural gas from the fuel
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Figure 6: Here two sets of plots are shown for
two strategy sets. The top of each set shows the
contribution of each strategy to the the strategy
set’s overall carbon emissions reduction. The
bottom shows the MAC breakdown within each
strategy set.

Figure 7: Plotting marginal abatement cost and
the adaptation metric to serve as a canvas for
pathway planning.

mix, while the other strategies can be said to lending
to adaptability. This point about the fuel mix will
be returned to more in the discussion, but raises that
question about how to affordably meet zero-carbon
targets after fuel-switching has been achieved. This
scenario only achieves 67% emissions reduction over
the baseline by 2080.

A second true MACC was generated under the plan
to abate as much carbon as possible while continuing
to use the district heating system, under the worst-
case climate scenario. Figure 6 describes how each
measure contributes to overall emissions reduction.
The resulting MACC shows a more consistent scale of
MAC and overall abatement between measures that
the previous example, but total abatement is only 8%
of the baseline’s emissions.

Discussion

Abatement after fuel-switching

The context for this study sets up an interesting
proposition within BC. Electricity in BC is provided
primarily via hydroelectricity; the electrical gird is
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considered 98% clean energy (BC Ministry of Envi-
ronment, 2019). Emissions within the building sector
are therefore driven by natural gas use, either on-
site or within district systems. The two true MACC
cases show that in order to reach large reductions
over the baseline condition, the use of natural gas
must be eliminated. This however raises the point of
how abatement should continue once the significant
reductions are made and systems are then relying on
a near-carbon-free grid. At present, BC (and UBC)
expects new buildings to be net-zero energy ready by
the early 2030s, with no clear objectives on whether
buildings should be truly net-zero energy (NZE) in
a more distant future. There is reason for this, as
evidenced by the modelling undertaken in this work.
This study showed that in testing rooftop PV sys-
tems for medium density developments, PV systems
will not yield large emissions reductions under any
scenario. In the worst-case climate scenario rooftop
panels alone reduced emissions by only 4.4%.

Additionally building-based sequestration methods
offer a potential avenue for meeting net-zero carbon
goals (Skullestad et al., 2016). This study did not
consider the Mass Timber strategy to be carbon se-
questering, but it is less intensive than cement-based
building, leading to between 60 and 300 Tonnes of
carbon abated, depending on the development sce-
nario. An increase in emissions is seen with the im-
plementation of a seawater cooling loop, likely due to
the fact that conventional methods of space cooling
rely on a near-zero carbon grid to begin with and are
not as intense from an embodied carbon perspective.

Limitations of approach

The first limitation of this study lies in the not-
so-explicit temporal interaction of the interventions.
Each building was modeled as having its own unique
construction and retrofit dates, which contribute to
the emissions and total annualized cost profile for
each run of the district energy model. While unique
in their start and end date they are all set on a 30-year
time horizon for all elements replacement. For some
building technologies this may be a realistic time hori-
zon for design-life, for many others it is not. Future
efforts need to consider equipment and technology
replacements more actively while also engaging the
temporal simulation steps at more fine scales, possi-
bly ten-years.

A major limitation in the framework underpinning
this study is the finite space of strategy choice. We
test eight strategies here that are applied generally
across the district. This may not always be a prob-
lem if prior to the study a strategy evaluation is con-
ducted or subject-matter experts are brought in to
help establish priors. Future efforts need to be more
precise with strategy implementation based on build-
ing or site need.

In creating the morphed weather files, we used cli-

mate model data from global climate models and not
regional climate models. This is typical practice for
morphing, particularly if you want to adjust weather
variables beyond temperature. However it is a limi-
tation particularly in a region such as Southwestern,
BC that is highly mountainous and coastal. Future
efforts for morphing should address these limitations
with climate model data that is either regionally gen-
erated or downscaled.

The increase in cost of energy services was not ac-
counted for dynamically. It would be expected,
particularly in a country with a progressive car-
bon tax, that the cost of natural gas and electricity
will increase over the coming decades, and outpace
inflation-related increases. Future analysis must take
this into account, as well as seek to differ the increase
across climate change scenarios, which have different
economic assumptions underpinning their respective
increases in greenhouse gas emissions.

Conclusion

In this study the output of 1024 different urban build-
ing energy simulations was used to generate marginal
abatement cost curves and complimentary visualiza-
tions to make decisions on climate mitigation and
adaptation at an urban scale. A case study of Wes-
brook Village, a planned 25,000-member residential
community in Vancouver, Canada was used.

The resulting MACCs were created from two per-
spectives. First the illustrative MACCs (Figures 5
and 4) sought to provide general guidance on which
strategies achieve targeted mitigation under different
planning constraints. The true MACCs (Figure 6)
reveal how the individual strategies within a set in-
teract technically and financially to ultimately abate
a certain amount of carbon. The candidate for the
one of the true MACCs was selected based on a mix-
ture of adaptation and mitigation criteria.

The analysis had limitations discussed in the litera-
ture on using MACCs for decision-support. These in-
clude being more realistic about building technology
and component lifetimes, which requires the frame-
work to consider retirement. As well the study is con-
strained by computational resources (each 1024 itera-
tion took 64 hours) and known mitigation and adap-
tation strategies for the site. Future studies should
seek to better understand either through exploratory
analysis or expert elicitation, which strategies are rea-
sonable for the market and context. This will also
aide in developing a cost and carbon database.

The results of the simulation provide more than an
example for decision-support visualization. In com-
paring the results we see a large difference in abate-
ment between systems that continue to rely on nat-
ural gas into the latter half of the century and those
that transition to a hydroelectric fed grid. The large
jump between the two provokes the thought of how
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deep emissions reductions will be achieved when de-
mand from space heating, cooling, DHW, and plug
load are being met by affordable near-zero carbon
electricity.
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