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This document has been produced in the context of the Copernicus Climate Change Service (C3S).

The activities leading to these results have been contracted by the European Centre for Medium-Range Weather Forecasts,
operator of C3S on behalf of the European Union (Delegation Agreement signed on 11/11/2014). All information in this
document is provided "as is" and no guarantee or warranty is given that the information is fit for any particular purpose.

The user thereof uses the information at its sole risk and liability. For the avoidance of all doubts, the European Commission
and the European Centre for Medium-Range Weather Forecasts has no liability in respect of this document, which is merely
representing the authors view.
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1 About This Report

This report outlines the integration of authoritative Copernicus Climate Data from the Climate
Data Store (CDS) into a Sustainable Asset Valuation (SAVi) of building infrastructure. It describes
how several climate indicators obtained from the CDS were integrated into the SAVi Buildings
model and how the analysis performed by SAVi has improved as a result. In light of this
integration, IISD is able to generate sophisticated SAVi-derived analyses on the costs of climate-
related risks and climate-related externalities.

The integration of Copernicus Climate Data into other SAVi models for energy, irrigation,
wastewater treatment infrastructure, roads, and nature-based infrastructure can be found here.

This document presents:

- A summary of the literature review on the climate impact on buildings, including the
equations that link climate variables to the performance of buildings.

- How the above information was used to select relevant indicators from the Copernicus
database.

- How outputs of the CDS datasets are integrated into the SAVi System Dynamics (SD) Buildings
model.

- How simulation results can be affected by the use of this new and improved set of indicators.
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This report is organized as follows.
Literature Review

The literature review contains the following subsections for each of the climate variables
discussed for buildings:

o Subsection 1: An overview of climate impacts on the asset (e.g., temperature
change affects the energy consumption of a building).

o Subsection 2: A presentation of papers/reports that provide case studies that
summarize the range of impacts estimated or observed (e.g., across countries).

o Subsection 3: A description of the methodology found in the literature for the
calculation of climate impacts on buildings.

o Subsection 4: A selection of CDS datasets required by the equations.

Integration of the Literature Review with the CDS Dataset

This section summarizes information on which datasets are being used from the Copernicus
database and what additional processing was applied before integration into the SAVi Buildings
model for each asset. We first review the equations to determine their usefulness for SAVi
models. We assess what data requirements for each of the equations are available in the
Copernicus database and create indicators for climate variables that are relevant for the
equations selected. Finally, in certain cases, we create indicators in the CDS Toolbox for first-order
impacts on infrastructure. Second- and third-order impacts will be estimated with SAVi, making
use of additional equations included in the SD model.

Integration of Climate Indicators Into the SAVi Buildings Model

This section explains how the CDS indicators are integrated in the SAVi SD Buildings model. It
includes an identification of the specific performance indicators of building projects impacted by
climate indicators (e.g., efficiency and cost).

Behavioural Impacts Resulting From the Integration of Climate Variables

This section discusses how climate variables affect asset performance in the SD model, providing
early insights as to how the results of the SAVi analysis may change when equipping the model
with more and better refined climate indicators (e.g., with the cost of infrastructure being higher
due to increased maintenance, the economic viability of the infrastructure asset, presented as
the Internal Rate of Return [IRR], will be lower than expected).

Simulation Results
The final section of this paper presents the equations used and quantitative results emerging from
the inclusion of climate indicators in the SAVi Buildings model under various climate scenarios.

This is the end product of the enhanced SAVi Buildings model, which is used to inform policy and
investment decisions for infrastructure.
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Table 1 provides an overview of climate drivers, impacts, and relevant SAVi output indicators of
the SAVi Buildings model.

The CDS datasets are accessed via the CDS application programming interface (API), and
additional processing and packaging for use in SAVi is done offline. Technical information about
the offline code is found in Annex I.

We also selected a subset of the most-used indicators and created an app in the CDS Toolbox with
interactive visualization for demonstration purposes.

Table 1. Overview of variables and impacts implemented in the SAVi Buildings model

days

SAVi module Implemented Main climate drivers Affected output indicators
impact
Buildings Stormwater e Precipitation e Water use in buildings
harvesting yield e \Water cost
Effect of e Temperature e Solar PV generation
temperature on e Electricity cost
the load factor of e Emissions from
rooftop solar electricity use
photovoltaic (PV) e Social cost of carbon
Heating degree e Temperature e Heating energy
days expenditure
e Heating energy use
e Emissions from
electricity use
e Social cost of carbon
Cooling degree e Temperature e Cooling energy

expenditure
e Cooling energy use
e Emissions from
electricity use
e Social cost of carbon
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2 Buildings
2.1 Literature review
2.1.1 Energy demand and efficiency

2.1.1.1 Heating and cooling degree days

Higher temperature increases the demand for cooling days. Lower temperature increases the
need for heating days. Depending on the level of thermal insulation of the building, more energy
will be required for indoor thermal regulation.

e Climate impact

Heating degree day (HDD) index is a weather-based technical index designed to describe the need
for the heating energy requirements of buildings. Cooling degree day (CDD) index is a weather-
based technical index designed to describe the need for the cooling (air conditioning)
requirements of buildings. Both have an impact on energy demand and building isolation
efficiency.

e Summary of results

In a case study in L.A, it has been estimated that for every 1°C increase in temperature, electricity
demand would increase in the range of 2—4% for the whole network. Another study estimated
the per capita increase for Guangzhou, China. It found that, on average, an increase of 1°C would
lead to an increase of electricity demand between 0.015 and 0.02% during the year with
fluctuations between summer and winter.

e Results

Akbari (2005) found that on a clear summer afternoon, the air temperature in a typical city is as
much as 2.5K higher than in the surrounding rural areas. It has been shown that peak urban
electric demand rises by 2— 4% for each 1K rise in daily maximum temperature above a threshold
of 15-20°C. Thus, the additional air-conditioning use caused by this urban air temperature
increase is responsible for 5-10% of urban peak electric demand.

In rural China, Zhang et al. (2019) found out that by using the statistics of counties from 2006 to
2015 in a fixed-effect panel model, the results indicate that a one-degree temperature increase
in summer days may lead to 0.015% more electricity consumption per capita, and this correlation
may be weaker as income increases. Moreover, a one-degree temperature decrease in winter
days may lead to 0.002% more electricity consumption. The northern region may consume
0.021% more electricity than the southern region when facing the same temperature drop.
Threshold for cooling and heating degree days is set at 5 °C for heating and 26 °C for cooling.
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Also in Guangzhou, China, Zheng et al. (2020) estimated that with a higher temperature of 1 °C,
total electricity consumption would increase by 2.7%, and the residential one would increase by
0.9%. In addition, the projected impacts of climate change on electricity consumption would
depend on the emissions of greenhouse gases. In other words, electricity consumption would
vary significantly under four RCPs, with the impacts being increased gradually from RCP2.6 to
RCP8.5

e Methodology
Method 1 (De Rosa, Bianco, Scarpa, & Tagliafico, 2014)

The degree-days method is based on the assumption that energy consumption is proportional to
the difference between external and internal temperature:

1. Therefore, assuming a global building transmission coefficient H in W/K, the monthly
energy consumption Em can be calculated as follows:

H-DDy, -ty

E =
" ‘}irl‘ls s

Where th is the heating time in a day (which can be assumed equal to 24 h if a continuous
heating/cooling is provided), nns/cs is the efficiency of the equipment, and DDn, is the total heating
or cooling degree days of a month m.

Dim _ "
Heating: DD, = HDD,, = Z-:I'.»J_h, — Tea)
d=1

D

Cooling: DDy, = CDDyy = (Tea — Tos)’
d=1
Te,d represents the mean of the daily maximum and minimum external air temperature of a day d
Tuhs and Ty cs are the base temperatures for heating and cooling respectively, which represent the

temperature set point of the inner heated/cooled zones.

The sign + indicates that only positive values are added. Different approaches can be adopted to
calculate the degree days, depending on the type of data available for the external temperature.

Cooling degree days modified for low values:

In order to restore the validity of CDDs for low values, a simple correction is introduced. Starting
from the standard CDD, provided:

CDD" = CDD + % - Lo,
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Where lyo,yis the total horizontal solar irradiation of each locality, computed by summing the daily
values only when a cooling demand is necessary, while x is the correction factor, which is adjusted
in order to minimize the deviation of the linear regression.

A short review of the different techniques is reported in an article made by Mourshed (2012)
while a simple application can be found in another article by Bliylikalaca et al. (2001).

Method 2 (Eurostat, the Statistical Office of the European Union, 2019)

HDD: If Tm < 15°C Then [HDD = i(18°C - Tim)] Else [HDD = 0] where Tim is the mean air
temperature of day i.

CDD: If Tm>24°CThen [CDD =}iTim - 21°C)] Else [CDD = 0] where Tim is the mean air temperature
of day i.

Considerations for integration in the CDS toolbox

Air temperature (K): ERA5-Land hourly data from 1981 to present & CMIP5 daily data on
pressure levels can be used to estimate the previous equations.

2.1.1.2 Albedo/Temperature of a surface

e Climate impact
High temperatures are responsible for the increase of energy demand for air conditioning in
buildings and photochemistry effects that increase atmospheric pollution, as well as increasing
environmental impacts due to the demand of energy generation. Materials with high albedo and
emittance attain lower temperatures when exposed to solar radiation, reducing the transference
of heat to the environmental air (Prado & Ferreira, 2005).

e Methodology
Equation for determining the temperature for a surface under the sun (Prado & Ferreira, 2005):
(1 - a)I =0 XEgX (T4s —T4sky) +he x (Ts_Ta)
where a is the albedo or solar reflectance; | the incident solar radiation on the surface (W/m?2); €
the emittance of the surface; o the constant of Stefan—Boltzmann (5.67 x 1078 W/m? K?*); Ts the
balance temperature of the surface (K or °C); Tsy the radiating temperature of the sky (K or °C);

hc the convection coefficient (W/m? K or W/m? °C); Ta the temperature of air (K or °C)

Considerations for integration in the CDS toolbox

Albedo: Dimensionless - ERA5-Land monthly averaged data from 1981 to present
Solar radiation: J /m? - ERA5-Land monthly averaged data from 1981 to present
Temperature of air: K - ERA5-Land monthly averaged data from 1981 to present
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2.1.1.3 Soil temperature / Moisture

e Climate impact
Soil temperature and moisture have an impact on how much energy is evacuated through soils
and hence affect indoor temperature, and related cooling and heating needs.

e Methodology
In a paper by Janssen et al. (2004), the influence of soil moisture transfer on building heat loss via
the ground is investigated by comparing fully coupled simulations with linear thermal simulations.
The observed influences of coupling are:

- The larger amplitude of surface temperature

- The variation of thermal conductivity with moisture content

- The advection of sensible heat by liquid transfer.
Surface heat balance (gnse) and Moisture balance (gm,se) are given:
ghse = H + R, + LE + HP,

qr]l'l.h"’..' E | P

Where heat exchange (H), solar and long-wave radiation (Rt), and the transfer of sensible and
latent heat by evaporation (LE) and precipitation (HP). Precipitation (P) and evaporation (E).

Considerations for integration in the CDS toolbox

Radiation, evaporation, precipitation: ERA5 monthly averaged data on single levels from 1979 to
present

2.1.2 Rainwater harvest

Rainwater harvest is a common feature of buildings, either new ones or those located in areas
prone to drought.

2.1.2.1 Precipitation

e Climate impact
Precipitation and the roof area of buildings are the main determinants of rainwater harvesting.

e Methodology
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Method 1 (Pande & Telang, 2014)
Estimation of mean rainwater supply that could be used for buildings or any other infrastructure.

Mean rainwater supply in m3=
Mean annual rainfall in m/year x Surface area of catchment in m? x Run-off coefficient

Considerations for integration in the CDS toolbox

Rainfall: m - ERA5 monthly averaged data on single levels from 1979 to present
Run-off: m - ERA5-Land monthly averaged data from 1981 to present

Method 2 (Diaz, Osmond, & King, 2015)

This method supplements existing climate analysis tools by defining a scale and benchmarks that
easily link potential water requirements of buildings with water availability from precipitation.

It is necessary to associate the units of precipitation with those of water demand. The relation of
precipitation and water demand scales is influenced by the runoff efficiency of the roof or other
element from which the water is collected.

Precipitation Benchmark: minimum level of precipitation required for a building to fully meet its
demand of rainwater, and any amount above this level is exceeding precipitation which could be
stored by the building for future needs:

PB = (Dt x 30 days) / ([CRa/HFa] x C) (1)

PB = Precipitation benchmark (mm or L/m?)

Dt = Total water demand (L/m? day)

CRa = Collectable roof Area (m?)

HFa = Habitable floor area (m?)

C = Runoff Coefficient (dimensionless)

The denominator in equation (1) is termed the Building Factor (BF), because all its variables
depend on the configuration of the building. The minimum precipitation required to satisfy the
water demand of the building will vary according to its BF (the requirement increases when BF is
1).

If water is required for different purposes (e.g. laundry, toilets, EC, etc.) DT must be calculated
previously with the formula:

Dt = De + (Da/HFa) (2)

De = Water demand for EC (L/m? day)
Da = Supplementary water demand (L/day)

This water demand may vary according to the climate and the specific needs of each building.
Even very similar buildings may have differences in the amounts of water required (e.g. due to
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orientation, surrounding influences, etc.). Thus, the particular demand of a building must be
individually calculated

Considerations for integration in the CDS toolbox

ERA5 monthly averaged data on single levels from 1979 to present
ERA5-Land monthly averaged data from 1981 to present

2.1.3 Climate hazards

A building (a type of physical infrastructure) is impacted by extreme events related to wind,
water and temperature. Depending on the type of building and technology, construction
materials and strength of construction, impacts will vary.

2.1.3.1 Flood discharge

e Climate impact
Floods have an impact on buildings due mainly to water penetration and hence flooding.

e Methodology

Assessing the impact of flood damage (JICA, March 2003):

0,=2
3.6
Where: Q. = maximum flood discharge (m®/s)
c = dimensionless runoff coefficient
i = rainfall intensity within time ¢,
A = catchment area (km?)

The computed peak rate of runoff at the outlet point is a function of the average rainfall rate
during the time of concentration, i.e., the peak discharge does not result from a more intense
storm of shorter duration, during which only a portion of the watershed is contributing to the
runoff at the outlet.

The time of concentration employed is the time for the runoff to become established and flow
from the most remote part of the drainage area to the outlet point. Rainfall intensity is constant
throughout the rainfall duration

Considerations for integration in the CDS toolbox

ERA5 monthly averaged data on single levels from 1979 to present
ERA5-Land monthly averaged data from 1981 to present
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2.1.3.2 Wind pressure

e Climate impact
Overhangs from a building are affected by wind pressure acting from underneath. These
combined with pressures (or suctions) on the top surface often create a severe design condition.
(Krishna, Kumar, & Bhandari, 2002)

e Methodology

The wind pressure at any height above mean ground level shall be obtained by the following
relationship between wind pressure and wind speed (Krishna, Kumar, & Bhandari, 2002):

Pz = 0.6><Vz2
Where P, = wind pressure in N/m2 at height z, and V; = design wind speed in m/s at height z. The
relationship between design wind speed V; and the pressure produced by it assumes the mass
density of air as 1.20 kg/m3, which changes somewhat with the atmospheric temperature and

pressure.

Considerations for integration in the CDS toolbox

Wind speed: m/s - ERA5 monthly averaged data on single levels from 1979 to present

2.1.3.3 Lightning

o Climate impact

Lightning can cause damage to a building’s infrastructure. Material damages of course, electrical
damages to cables and electricity infrastructure that might cause power shutdown.

e Summary of results

Literature is very scarce but we found that for every 1°C rise in global temperatures, there will be
an increase of 12% in the frequency of lightning strikes.

o Results
Costs and damages of lightning in the US as published by Vought (2019), costs about $1,200 per
year or $100 per month for facility lightning protection. Yet it can prevent infrastructure failure
costing as much as $100,000 per hour. Lightning are likely to increase as shown with the equation

he provides:

F = constant x P x CAPE
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With F = flash rate per area; P=precipitation rate; CAPE=convective potential available energy
(potential electrical energy of that area -> increases with higher temperatures as reflected by the
ability of air of rising more rapidly into the upper atmosphere).

In the web page of Sollatek (2016), a firm specialized in lightning equipment, we can read that for
every 1°Crise in global temperatures, there will be an increase of 12% in the frequency of lightning
strikes. With that said we can expect to see a 50% rise in the next 100 years. For every two
lightning strikes in 2000, there will be three lightning strikes in 2100.

2.2 Integration of literature review with the CDS datasets
See section 1.2 for explanations how we selected the indicators to implement in the CDS Toolbox.

Datasets:
e ERAS5 monthly data on single level
e CMIP5 monthly data on single level
e ERAS hourly data on single level

Indicators created:
e Air temperature
o Units: degrees Celsius
o Frequency: monthly
o ERAS variable: “2 m temperature”
o CMIPS5 variable: “2 m temperature”
o Note: original units in Kelvin
e Precipitation:
o Units: mm per month
Frequency: monthly
ERAS variable: “Mean total precipitation rate
CMIP5 variable: “Mean precipitation flux“
Note different: units scaling was necessary
CMIP5 variable: “2m_temperature “
e Min Daily temperature
o Units: degrees Celsius
o Frequency: monthly
o ERAS5 variable: “2m temperature”
= Daily min and monthly mean from hourly temperature
o CMIP5 variable: “minimum_2m_temperature_in_the_last 24 hours *
e Max Daily temperature
o Units: degrees Celsius
o Frequency: daily
o ERAS5 variable: “2m temperature”
= Daily max and monthly mean from hourly temperature

”

O O O O O

‘
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o CMIP5 variable: “maximum_2m_temperature_in_the last 24 hours “
e Wind

o Units: m/s

o Frequency: monthly

o ERAS variable: “10 m wind speed”

o CMIP5 variable: “10 m wind speed”

Additional information

Daily temperature indices may be useful to determine heating degree day and cooling degree day

indices.

2.3 Integration of climate indicators into the SAVi buildings model

The climate indicators developed in, and extracted from the toolbox, include impacts on heating
and cooling, lighting, rooftop solar generation and rainwater harvesting. We have also estimated
climate hazards related to flood and wind pressure. The CLD for buildings is presented in Figure

44,
Figure 1 Causal Loop Diagram for the buildings sector - CDS variables included
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The time duration of heating and cooling in the SAVi model is defined as a function of Heating
Degree Days (HDD) and Cooling Degree Days (CDD), which are obtained from the CDS toolbox. In
the model, HDDs determine the days of the year during which buildings are heated. CDDs, on the
other hand, determine the number of days during which air-conditioning is required. HDD and
CDD therefore affect energy consumption, energy costs and emissions (depending on the
technology used), having an impact on both operation cost and societal costs.

The hours of lighting, used to determine energy consumption for lighting, are obtained from the
CDS toolbox. The further away from the equator the project is located, the more seasonal and
total difference in lighting hours have to be considered. The energy requirements for lighting
affect energy costs, and hence the cost of operation of the building and, indirectly air emissions
(depending on the technology and energy source used to produce electricity).

The rooftop solar power generation potential represents the amount of electricity that can be
generated using rooftop solar PV. Solar generation depends on solar radiation (resulting from
location, sunshine hours and cloud cover). The CDS toolbox provides the projected solar power
generation potential by location, and the SAVi model uses it to determine the specific electricity
generation for the project considered. This takes into account the size of the PV installation, and
reduced the purchase of electricity, its cost and air emissions.

The rainwater harvesting potential is the amount of water that could be harvested by a building,
given a specific technology and related efficiency. Rainwater harvesting reduces building water
demand and contributes to lowering potable water use. The rainwater harvesting potential is
estimated by the CDS toolbox and used as an input to SAVi.

The impact of floods and wind pressure are considered to determine the integrity of the building,
and any potential damage top physical infrastructure and related costs.

2.4 Behavioral impacts resulting from the integration of climate variables

Obtaining HDDs and CDDs from the toolbox allows for projecting future heating and cooling
requirements and seasonal peaks more accurately. This improves both the estimation of capacity
requirements for heating and cooling and related costs. It further allows a more accurate
assessment of the effectiveness and economic viability of different solutions for heating and
cooling as well as thermal insulation.

Information concerning the hours of lighting allows to model lighting requirements and related
energy consumption and cost more accurately. Changes in lighting requirements also lead to
changes in the use of light bulbs, and hence improving the estimation of replacement rates and
related cost.

Location-specific forecasts of solar power generation potential improves the projection of rooftop

PV power generation and economic viability in the SAVi model. Changes in solar generation
potential affect revenues from feed in tariffs as well as the amount of grid-based electricity is
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consumed. Grid-based electricity consumption affects user costs and total building related CO2e
emissions.

The rainwater harvesting potential generated by the CDS toolbox improves the estimation of the
monthly water requirement and purchase from water utilities. It also allows SAVi to make use of
various climate change forecasts with daily/weekly/monthly time steps, a new feature for the
estimation of this indicator. This greatly enhances the potential for SAVi to be used in areas prone
to drought, and to assess the climate resilience of buildings more fully.

Floods and extreme wind pressure support the estimation of extraordinary maintenance costs in
the model. This information will highlight how constructing new buildings in disaster-prone areas
may not be financially viable.

2.5 Simulation results

The literature review above has shown that climate impacts buildings in various ways. Three CDS
based climate variables were integrated into the SAVi Buildings model, (1) rainwater harvesting
potential per m2, (2) heating and cooling degree days, and (3) the effect of temperature on
rooftop solar PV generation.

2.5.1 Rainwater harvesting potential

Rainwater harvesting potential refers to the amount of rainwater that can be collected given that
infrastructure for rainwater harvesting is in place. In most cases, the collected rainwater is used
to substitute potable water for a variety of uses such as gardening, toilet flushing and others.

The amount of rainwater that can be collected depends on the available area (in m2) for rainwater
harvesting, the runoff coefficient of the roof surface and seasonal precipitation. The following
equation is used for calculating potential rainwater harvesting yield based on CDS data, based on
Biswas (2014).

Rainwater harvesting potential = Monthly precipitation * Runoff coefficient * Conversion mm to
liter per m2

Figure 45 provides an overview of runoff coefficients for various roofing materials. As provided
by Biswas (2014). For the results presented below, a runoff coefficient of 0.8 is applied.
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Type Runoff coefficient
Galvanized iron sheet =(.9
Corrugated metal sheet 0.7-0.9
Tiles 0.8-0.9
Concrete 0.6-0.8
Brick pavement 0.5-0.6
Rocky natural catchment 0.2-0.5

Soil with slope 0.0-0.3
Green area 0.05-0.1

Figure 2: Rainwater runoff coefficients for various roofing materials (Biswas, 2014)

The results of rainwater harvesting potential in the no climate and climate impact scenario is
presented in Figure 46. The results show that the previous formulation used in SAVi is significantly
underestimating the potential for rainwater harvesting.

rainwater yield per m2

2000

1500

1000

Ltr/(Month*M2)

500

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Time (Year)

rainwater yield per m2[CONVENTIONAL] : CDS Buildings - CDS Rainwater harvesting
rainwater yield per m2[CONVENTIONAL] : CDS Buildings - BAU

Figure 3: Rainwater harvesting yield per m2 of roof surface

The use of climate data to forecast rainwater harvesting yields compared to using constant
seasonal precipitation values in the no climate scenario yields significant differences. Between
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2020 and 2100, the average annual rainwater harvesting yield is 134.7 liters per m2 in the no
climate scenario and 3,068.6 liters per m2 in the CDS climate scenario. The difference in annual
averages indicates that the yield forecasted by climate data-based formulations is almost 23 times
higher compared to the no climate scenario.

Furthermore, the maximum monthly value for rainwater harvesting yields indicated in the no
climate and CDS climate impact scenario is 15.2 liter per m2 and 1,674.9 liters per m2 respectively.
Table 17 compares the average monthly rainwater harvesting yields in the CDS climate and the
no climate scenario respectively.

2020- 2030- 2040- 2050- 2060- 2070- 2080- 2090-

painsategvieli a2 2030 2040 2050 2060 2070 2080 2090 2100

CDS climate scenario 275.41 286.10 247.46 272.25 270.34 235.02 258.96 196.39
CDS relative to 2020-2030 0.0% 3.9% -10.1%  -1.1% -1.8%  -14.7%  -6.0%  -28.7%
No climate scenario 11.48 11.49 11.01 10.83 11.17 11.54 10.81 11.37

No climate relative to 2020-2030 0.0% 0.0% -4.1% -5.7% -2.8% 0.5% -5.8% -1.0%
Table 2: Average rainwater harvesting yield per decade

Between 2020 and 2100, the cumulative amount of rainwater that can potentially be harvested
is 10,774 liters per m2 in the no climate scenario and 245,491 liters per m2 in the CDS climate
impact scenario respectively. Assuming that one liter of water costs 0.5 cents, the projected net
savings in water expenditure over 80 years total EUR 53.87 and EUR 1,227.5 per m2 in the no
climate and CDS climate impact scenario respectively. These savings are equivalent to average
annual savings of EUR 0.67 and EUR 15.34 per m2 in the no climate and climate impact scenario
respectively.

2.5.2 Impacts on rooftop solar PV generation

Similar to the energy sector, the load factor of rooftop solar PV generation potential is affected
by the surrounding air temperature. As temperatures increase beyond the threshold of optimal
functioning for rooftop solar PV systems, their efficiency decreases and so does the potential
generation.

The equation used for estimating temperature impacts on rooftop solar PV load factor is
described below.

Temperature effect on rooftop solar PV load factor = 1 - IF THEN ELSE ( Mean annual
temperature > Temperature threshold for optimal functioning, (Mean annual temperature -
Temperature threshold for optimal functioning) * 0.01, 0)

Figure 47 presents the forecasted generation of 1,000 kW of rooftop solar capacity in kWh in the
no climate (red line) and CDS climate impact scenario (blue line). The reductions in generation
occur during warmer periods of the year as a consequence of air temperature exceeding the
threshold for optimal functioning of solar PV systems.
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electricity generation on buildings
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Figure 4: Solar PV generation on buildings for 1 MW of installed capacity

Between 2020 and 2080, the forecasted cumulative generation is 1,683.7 GWh in the no climate
scenario and 1,593.5 GWh in the CDS climate impact scenario. The cumulative reduction in
generation induced by climate impacts is 90.21 GWh over 80 years, or 1.128 GWh per year on
average. This difference in cumulative generation indicates that the average reduction in the load
factor of solar PV is 5.4% compared to the no impact scenario.

Assuming a price of 20 cents per kWh, the cumulative savings in electricity cost from using solar
energy over 80 years total EUR 336.73 million and EUR 318.69 million in the no climate and CDS
climate impact scenario respectively. This is equivalent to average annual reductions in electricity
costs of EUR 4.21 million (no climate scenario) and EUR 3.98 million (CDS climate impact scenario).
Considering one kW of capacity, the cumulative savings over 80 years are equivalent to EUR
336,730 and EUR 318,690 respectively.

2.5.3 Impact of climate on Heating and Cooling Degree Days

Heating and cooling degree days determine the capacity utilization of heating and cooling systems
and hence directly affect heating and cooling related energy use and emissions. The approach
used for estimating the number of heating and cooling degree days is based on Eurostat (2019).
The formulation proposed by Eurostat compares daily temperature values to a minimum
threshold to obtain heating degree days (HDD) and a maximum threshold to obtain cooling
degree days (CDD). The following formulations are provided (Eurostat, 2019):

Heating Degree Days =
If Tm < 15°C Then [HDD = ji(18°C - Tim)] Else [HDD = 0] where Tim is the mean air temperature
of day i.
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Cooling Degree Days = If Tm > 24°C Then [CDD = JiTim - 21°C)] Else [CDD = 0]

Where Tim is the mean air temperature of day i.

Due to the use of monthly data, the number of HDD and CDD is estimated using monthly average
daily temperature and the Eurostat thresholds. The equations below describe how climate data
is processed to obtain the number of HDD and CDD respectively.

Heating Degree Days = IF THEN ELSE ( Tair < 15°C, 30, 0)
Cooling Degree Days = IF THEN ELSE ( Tair > 24°C, 30, 0)

The above formulations assume that if the monthly average daily temperature falls under or
exceeds the defined thresholds, heating or cooling will be considered for the whole month. Figure
48 presents the forecasts for HDD and CDD in Johannesburg, using the IPSL RCP8.5 scenario. The
results indicate that cooling degree days will increase, starting around 2046, while the number of
HDD decreases gradually between 2040 and 2085, after which heating seems to occur only in
specific months, no longer a season.

Heating and cooling degree days in Johannesburg

Cooling degree days

35

HDD or CDD per month

Heating degree days

Figure 5: Forecasted Heating Degree Days and Cooling Degree Days in Johannesburg

Table 18 provides information about the forecasted HDD and CDD for Johannesburg in the IPSL
RCP8.5 scenario. Compared to 2020-2030, the number of HDD is forecasted to decline by 82%
over the next 80 years as a consequence of increasing temperatures. The number of CDD
increases from zero (no cooling) to 204 days per year over the next 80 years.
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Indicator
Heating degree days

Climate impact scenario
Relative to 2020-2030

No impact scenario

Cooling degree days

Climate impact scenario
Relative to 2020-2030

No impact scenario

2020-  2030-
2030 2040
111 99
0% 0%
168 168
0 3
0% 0%
95 95

2040- 2050-  2060-
2050 2060 2070
99 90 66
0% 9%  -33%
168 168 168
40 33 51
1224%  988%  1588%
95 95 95

Table 3: Average Heating and Cooling degree days per decade

2070- 2080-  2090-
2080 2090 2100
39 36 18
61%  -64%  -82%
168 168 168
138 144 204
4489%  4689%  6691%
95 95 95

The changes in HDD and CDD indicated above lead to changes in energy consumption and
emissions. Results for key indicators affected by the change in the formulation of heating and
cooling degree days are presented in Table 19. Results are presented in cumulative million USD
between 2020 and 2100. The results show that the initial setup of the SAVi model was
overestimating energy use and related costs and emissions for both heating and cooling. The most
significant impact can be seen in the heating sector, where the indicated energy expenditure is
58.5% lower in the CDS climate impact scenario compared to the no impact scenario. For cooling,
the reduction in energy cost is 19.2% compared to the no impact scenario.

Heating Cooling
. Climat Climat
Indicator . Climate | , - mate . Climate | . e
No impact . impact vs no No impact . impact vs no
impact X impact X
impact impact
Energy expenditure 183.55 76.20 -58.5% 6.73 5.44 -19.2%
Social cost of carbon 0.57 0.24 -57.2% 3.96 3.19 -19.3%
Total costs 184.12 76.45 -58.5% 10.68 8.63 -19.2%
CO2e emissions 18,421 7,888 -57.2% 127,659 103,036 -19.3%
Energy demand 614.16 21.25 -96.5% 182.37 147.19 -19.3%

Table 4: Key indicators affected by Heating and Cooling Degree Days (in million USD)
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Annex |: Code for establishing the CDS Toolbox-SAVi link

Code related to offline processing of CDS Toolbox and CDS API data for the C3S_428h_IISD-EU
project.

How does this code relate to the CDS API ?

This code builds on the powerful CDS API but focuses on local impact analysis specific for the
C3S_428h_IISD-EU project. It makes it easier to retrieve a time series for a specific location or
region, and save the result to a CSV file (a simpler format than netCDF for most climate
adaptation practitioners). Additionally, the code combines variables across multiple datasets,
aggregate them into asset classes (such as all energy-related variables) and perform actions
such as bias correction (use of ERA5 and CMIP5).

Code available for download

The easy way is to download the zipped archive: - latest (development):
https://github.com/perrette/iisd-cdstoolbox/archive/master.zip - or check stable releases with
description of changes: https://github.com/perrette/iisd-cdstoolbox/releases (see assets at the
bottom of each release to download a zip version)

The hacky way is to use git (only useful during development, for frequent updates, to avoid
having to download and extract the archive every time):

- Firsttime: git clone https://github.com/perrette/iisd-cdstoolbox.git

- Subsequent updates: git pull from inside the repository

Installation steps

- Download the code (see above) and inside the folder.

- Install Python 3, ideally Anaconda Python which comes with pre-installed packages

- Install the CDS API key: https://cds.climate.copernicus.eu/api-how-to

- Install the CDS API client: pip install cdsapi

- Install other dependencies: conda install --file requirements.txt or pip install -r
requirements.txt

- Optional dependency for coastlines on plots: conda install -c conda-forge cartopy or see
docs

- Optional dependency: CDO (might be needed later, experimental): conda install -c conda-
forge python-cdo

Troubleshooting: - If install fails, you may need to go through the dependencies in
requirements.txt one by one and try either pip install or conda install or other methods specific
to that dependency. - In the examples that follow, if you have both python2 and python3
installed, you might need to replace python with python3.
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CDS API

Download indicators associated with one asset class.

Examples of use:

python download.py --asset energy --location Welkenraedt

The corresponding csv time series will be stored in indicators/welkenraedt/energy. Note
that raw downloaded data from the CDS API (regional tiles in netcdf format, and csv for the
required lon/lat, without any correction) are stored under download/ and can be re-used across
multiple indicators.

The indicators folder is organized by location, asset class, simulation set and indicator name.
The aim is to provide multiple sets for SAVi simulation. For instance, era5 for past simulations,
and various cmip5 versions for future simulations, that may vary with model and experiment.
For instance the above command creates the folder structure (here a subset of all variables is
shown):

indicators/
welkenraedt/

energy/
era5/
2m_temperature.csv
precipitation.csv

cmip5-ipsl_cm5a_mr-rcp_8 5/
2m_temperature.csv
precipitation.csv

with two simulation sets era5 and cmip5-ipsl_cm5a_mr-rcp_8 5. It is possible to specify
other models and experiment via - -model and - -experiment parameters, to add further
simulation sets and thus test how the choice of climate models and experiment affect the result
of SAVi simulations.

Compared to raw CDS API, some variables are renamed and scaled so that units match and are
the same across simulation sets. For instance, temperature was adjusted from Kelvin to degree
Celsius, and precipitation was renamed and units-adjusted into mm per month from original
(mean_total_precipitation_rate (mm/s) in ERA5, and mean_precipitation_flux (mm/s) in
CMIP5). Additionally, CMIP5 data is corrected so that climatological mean matches with ERA5
data (climatology computed over 1979-2019 by default).

Additionally to the files shown in the example folder listing above, figures can also be created
for rapid control of the data, either for interactive viewing (--view-timeseries and --view-
region) or or saved as PNG files (--png-timeseries and --png-region), e.g.
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python download.py --asset energy --location Welkenraedt --png-timeseries --
png-region

Single indicators can be downloaded via:
python download.py --indicator 2m temperature --location Welkenraedt

The choices available for --indicator, --asset and --1location area defined in the following
configuration files, respectively:

e controls which indicators are available, how they are renamed and unit-adjusted:
indicators.yml (see sub-section below)

o controls the indicator list in each asset class: assets.yml

e controls the list of locations available: locations.yml|
Full documentation, including fine-grained controls, is provided in the command-line help:
python download.py --help

Visit the CDS Datasets download pages, for more information about available variables, models
and scenarios:

- ERAS: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-
monthly-means?tab=form

- CMIP5: https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip5-
monthly-single-levels?tab=form

In particular, clicking on “Show API request” provides information about spelling of the
parameters, e.g. that “2m temperature” is spelled 2m_temperature and “RCP 8.5” is spelled
rcp 8 5.

Indicator definition

This section is intended for users who wish to extend the list of indicators currently defined in
indicators.yml. It can be safely ignored for users who are only interested in using the existing
indicators.

Let’s see how 10m_wind_speed is defined:
- name: 10m_wind speed
units: m / s
description: Wind speed magnitude at 10 m

The fields name and units define the indicator. Description is optional, just to provide some
context. It is possible to provide scale and offset fields to correct the data as (data +
offset) * scale. Here for 2m temperature:
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- name: 2m_temperature
units: degrees Celsius
description: 2-m air temperature
offset: -273.15 # Kelvin to degrees C

# denotes a comment to provide some context. Some indicators have different names in ERAS
and CMIP5, and possibly different units. That can be dealt with by providing era5 and cmip5
fields, which have precedence over the top-level fields. Here the evaporation definition:

- name: evaporation
units: mm per month
era5:
name: mean_evaporation_rate # different name in ERA5S
scale: -2592000 # change sign and convert from mm/s to mm / month
cmip5:
scale: 2592000 # mm/s to mm / month

In that case both scaling and name depend on the dataset. In CMIP5 which variable name is
identical to our indicator name, the name field can be omitted. In ERA5, evaporation is negative
(downwards fluxes are counted positively), whereas it is counted positively in ERAS.

Indicators composed of several CDS variables can be defined via compose and expression
fields. Let’s look at 100m_wind_speed:

- name: 100m_wind_speed
units: m / s
description: Wind speed magnitude at 100 m
era5:
compose:
- 100m_u_component_of wind
- 100m_v_component_of wind
expression: (_100m_u_component_of wind**2 + _100m_v_component of wind**2)
**0.5
cmip5:
name: 10m _wind_speed
scale: 1.6 # average scaling from 10m to 100m, based on one test locatio
n (approximate!)

In ERAS5, vector components of 100m wind speed are provided. Our indicator is therefore a
composition of these two variables, defined by the expression field, which is evaluated as a
python expression. Note that variables that start with a digit are not licit in python and must be
prefixed with an underscore _ in the expression field (only there).

For complex expressions, it is possible to provide a mapping field to store intermediate
variables, for readability. This is used for the relative_humidity indicator:

- name: relative humidity

units: '%’
eras5:
compose:
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- 2m_temperature
- 2m_dewpoint_temperature
expression: 100*(exp((17.625*TD)/(243.04+TD))/exp((17.625*T)/(243.044T)))
mapping: {T: _2m_temperature - 273.15, TD: _2m dewpoint_temperature - 273
.15}
cmip5:
name: near_surface relative humidity

where T and TD are provided as intermediary variables, to be used in expression.

ERAS5-hourly dataset can be retrieved via frequency: hourly field, and subsequently
aggregated to monthly indicators thanks to pre-defined functions daily_max, daily min,
daily mean, monthly mean, yearly mean. For instance:

- name: maximum_daily temperature
units: degrees Celsius
offset: -273.15
cmip5:
name: maximum_2m temperature_in the_last 24 hours
era5:
name: 2m_temperature
frequency: hourly
transform:
- daily_max
- monthly_mean

This variable is available directly for CMIP5, but not in ERAS. It is calculated from
2m_temperature from ERAS hourly dataset, and subsequently aggregated. Note the ERA5-
hourly dataset takes significantly longer to retrieve than ERA5 monthly. Consider using in
combination with --year 2000 to retrieve a single year of the ERAS5 dataset.

Currently CMIP5 daily is not supported.
Netcdf to csv conversion

Convert netcdf time series files downloaded from the CDS Toolbox pages into csv files (note:
this does not work for netcdf files downloaded via the cds api):

python netcdf to csv.py data/*nc

Help:
python netcdf_to_csv.py --help
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