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1 Executive Summary

Cities are particularly vulnerable to climate chargiven the concentration of people,
assets, infrastructure and productive activities urban areas. However, few

methodologies currently exist for assessing citglanimpacts of climate change and the
associated costs of adaptation. In line with therarching goals of RAMSES, the aim

of this report is to set out a transferable methaglo for generating data on the

economic costs of climate change impacts in cities.

In the first part of this report, we develop an mmmic cost methodology to assess the
impact of specific climate change hazards througffierent channels of urban
productive activity. The methodology is based om pnemise that each hazard affects
one or more parameters of city production in déférsectors, and estimates their
overall impact through this particular channel. \&monstrate the methodology by
examining the impact of urban heat waves on praedticioss and how the reduction
in productivity leads to production losses acrosst@s of the city economy. Our
approach allows us to assess various charactsrgtiarban production, including the
flexibility of the productive system in terms ofetldegree of substitution between
labour and capital, its labour intensity, and teltive importance of different sectors
in the economy.

Initial results suggest that the impacts of heathenurban economy are highly variable
and depend on characteristics of production, suchha elasticity of substitution
between capital and labour, and the sectoral dvisi production. We estimate that in
a warm year in the far future (2081-2100) the ttiakes to the urban economy could
range between 0.4% of Gross Value Added (GVA) fondon and 9.5% for Bilbao in
the absence of adaptation. In addition to diffeesnia temperatures, the structure of the
city’s economy — in terms of the size of differsetctors of the economy - has a major
influence on the magnitude of damages, with larggm construction sectors being
particularly vulnerable to heat effects. The awkrd@sses due to adaptation measures
such as behaviour change, air conditioning, vditita insulation and solar blinds
range from -€314 million to over €23,004 million.

In the second part of this report, we examine geaof other channels through which
the city economy may be impacted by climate chdragmards. These include effects of
heat stress on rail buckling and associated trahsiiruption, the impact of heat on
direct health costs, the impact of pluvial floodiogy transport disruption, and damage
costs and adaptation costs and benefits of sedifigoThese costs draw on a range of
RAMSES work packages, including WP1, WP2, WP3, VdRrd WP6.

The cost methodology not only provides estimategrofiuction costs from increasing
temperatures or extreme heat and flooding eventsalso highlights the vulnerability
of different economic sectors and the key mechamiafiecting production losses. This
is important for identifying the most effective mlate change adaptation strategies.
Moreover, the methodology is relatively transfeeatd different urban contexts with
minimal requirement of economic data or proxy valu@ur approach is a step towards
a more clear view on categorizing costs. Neverfisl@ is subject to a number of
uncertainties that require assumptions, which caeasily be resolved.

The cost data in this report have been uploadetthddRAMSES common platform,
including several rich datasets in terms of costsha city level of climate change
hazards, as well as benefits (averted losses)@std of adaptation.
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2 Introduction

Cities represent concentrations of people, assefsastructure and productive
activities, and as a consequence, the socio-ecancnsts of climate change are
predicted to be high in urban areas. However, ¢krnalated impacts such as extreme
heat and flooding have complex consequences aydyveatly between cities and even
within urban centres. In addition, data at the [@tyel are often scarce, inaccessible and
difficult to compare between cities. As a consegeerthe extent of future economic
losses in cities is challenging to quantify, and/ fimethodologies currently exist for
assessing city-wide impacts of climate change hadtssociated costs of adaptation. If
policy makers are to implement measures to adape& waves, flooding and other
climate-related hazards in cities, a better undadihg of the scale of damages and the
effectiveness of different adaptation strategiegdgiired.

2.1 Objectives of this report

The overall aim of this report is to set out a sfanable method for generating data on
the economic costs of climate change impacts iasciCity-wide costs were generated
for London, Antwerp and Bilbao, the three core cagely cities of the RAMSES
project. These costs, together with damage costergeed from WP1, WP3 and WP6
of the RAMSES project, and have been uploaded ihnet®RAMSES Common Platform
database which will be linked to the European Qbggaouse database, ClimateAdapt
(http://climate-adapt.eea.europa.eu/).

In this report, we develop an economic cost metlaggothrough which the costs of
various climate change hazards, acting throughemifft channels, can be evaluated.
We focus on the effect a climate hazard has ontsnpfithe production activity — for
example, by decreasing capital or labour levelseducing their productivity — to work
out the overall effect to urban production. By fsitlg on one hazard and one channel
through which it affects costs at a time, the madehains tractable, which facilitates
the interpretation of the results. This is vitat fdentifying the most effective climate
change adaptation strategies.

One of the overarching goals of RAMSES is to deligeantified evidence of the

impacts of climate change with a focus on citiesswall as of the costs and benefits of
a wide range of adaptation measures. This delilerabnstitutes a step forward in
providing a clearer methodology for quantifyingdbecosts.

2.2 Economic cost methodology

Deliverable 5.1 of the RAMSES project, “Review din@ate change losses and
adaptation costs for case studies” identified dertareats that are predicted to impact
on cities. The review showed that cities are vidhbr to heat waves, retaining high
temperatures for longer periods than surroundimgsathe urban heat island effect),
vulnerable to flooding due to sealed surfaces ashoads and pavements found in
urban areas. In this report, we examine the cdsteat and flooding in more detail.
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We first set out the economic cost methodologygiive case of heat and productivity:
we examine the effects of heat stress on the udsamomy through its impact on
labour productivity. Built surfaces in cities arengposed of a high percentage of non-
reflective and water-resistant construction makgrievhich coupled with the lack of
vegetation and moisture-trapping soils — that mtevshade and contribute to cooling
the air — means that temperatures in cities terfaetbigher than those of surrounding
areas. The difference between temperatures inscége compared to rural areas is
known as the urban heat island effect (Oke, 199Vhat is more, because cities
concentrate people and productive activity, progiigtlosses here can have amplified
effects. As the number of people living in citiesntinues to increaseso does the
potential for adverse effects of increasing temioees, in the absence of adaptation.

Research on the effects of heat waves in termshadur productivity in the specific
context of cities is still relatively scaréeln order for policy makers to implement
measures to adapt to heat waves in cities a hettiarstanding of the scale of damages
and the effectiveness of different adaptation stjias is required.

We use our methodology to assess the impact oftbeidite urban economy through
decreased labour productivity, as well as to compghe effectiveness of different
adaptation measures. Our model starts from theorhésel evidence that heat induces
a decrease in productivity at the individual leald shows how this decrease
aggregates into production losses at the macrdéis).

We first estimate hourly productivity loss functgfor individual workers at different
levels of work intensity based on ISO standardsdoommended hourly work rates at
different levels of Wet Bulb Globe Temperature (WBGWork intensities are then
attributed to different sectors of the metropolimonomy depending on the amount of
energy necessary to perform different activities.

We then define constant elasticity of substituff@ikS) production functions for each
sector that specifically encompass the productiVitys functions. The production
functions are calibrated with economic data andeggjed at the city level according
to specific weights given to each sector. This epph allows us to assess various
characteristics of urban production, including flleibility of the productive system in
terms of the degree of substitutability betweerolaband capital, its labour intensity,
and the relative importance of different sectortheneconomy.

Finally, we use the UrbClim model (De Riddsiral.,2015; De Riddeet al., 2014 —
D4.1) to project outdoor city level temperaturestfe year 2005 and the periods 2026-
2045 and 2081-2100, which is subsequently usedrpate indoor climatic conditions
in an example office building by the EnergyPlus elodVe use this in order to
compute an estimate of future production costshiee case study cities: Antwerp,
Bilbao, and London.

As well as benchmarking the damage costs of heaesvan the urban economy, we
also use the economic cost methodology to exantieeaverted losses of different
adaptation measures, including behavioural chamgegased mechanical ventilation,
the use of solar blinds, increased insulation, amdconditioning. Furthermore, we

! The urban population is expected to grow by Idsilpeople in less developed countries and
by 70 million people in developed countries by 2030 DESA, 2014).

2 An exception is Sabbag (2013), who explores tterdiure on the effect of heat waves
applying conclusions applied to urban settings.
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examine the energy demand of air conditioning asxample of analysing benefits and
costs of adaptation measures. The results of theggrdemand analysis show that the
economic cost methodology is a relatively simpld promising method for examining
benefits and costs.

In another RAMSES deliverable, D1.3, further datth lve generated on the installation
costs of heat adaptation measures such as airticonig, mechanical ventilation, solar
blinds and insulation, as well as flooding adaptatneasures such as green roofs and
permeable paving. While it would have been intémgsto factor in and compare the
costs of other adaptation measures, disaggregatiedad sufficient quality were not
available. This is partly because data of sufficignality were not found in the
academic literature and partly due to the substhdélay in adaptation cost data as part
of RAMSES deliverable D1.3 following the departufeone of the partners from the
consortium.

2.3 Model-generated economic costs — the case of hadt@oductivity

The results of the methodology show that costseat waves to the urban economy are
highly variable and depend on characteristics ofdpction, such as the elasticity of
substitution between capital and labour, and tletosa division of production. For
example, based on the assumptions set out indpmt; we estimate that in a warm
year in the far future (2081-2100) the total losseghe urban economy could be
between 0.4% (London) and 9.5% (Bilbao) of GVAthe absence of adaptation. This
implies substantial potential costs of heat throladgour productivity losses, even when
we consider only cities in relatively cool coungrieAdditionally, we find that
behavioural adaptation in the form of changing viigkhours generates diverse results
in different cities, with the most efficient workjrregime estimated to save up to 0.8%
of GVA in Bilbao in a warm year in the near fut2926-2045).

2.4 Other model-generated economic costs

We extend the economic cost methodology to estitetecosts of heat on the urban
economy. We explore the impact of high temperatariebuckling on transport delays
in London, and the resulting impacts on economiodpction in the city under
productivity losses. The choice to study this intipsas determined by data availability
from other RAMSES partners. We also examine then@tic cost methodology for
pluvial flooding events in London, and their impacttransport delays.

2.5 Other economic costs

In addition to the data generated by the econorost enethodology for worker
productivity losses, high temperature rail bucklergd impacts of pluvial flooding on
transport delays, we also examine economic refalts other work packages, which
have been uploaded to the RAMSES Common Platfornfirfiking with the European
Clearinghouse, ClimateAdapt. These include direetith costs of heat waves in WP6,
which are complementary with our productivity arsady and can easily be
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incorporated to derive comprehensive estimatesalMtepresent results of sea damages
for the three case study cities from WPL1.

2.6 Structure of this report

The report is organized into seven major partslolahg the Executive Summary and

Introduction, Part 3 “Heat and productivity costa-transferable method for the city

economy” describes the methodology for assessistg @ climate change to the urban
economy in detail, using heat and productivity mgxample. It also sets out the results
of the analysis for the three core case studyssitiendon, Antwerp and Bilbao, and

discusses the results in the context of the melbggio

Part 4 “Other economic costs of heat in cities”sprégs analyses of heat-related costs
through different channels. First, we estimate sdstough transport disruptions using
the methodology set out in Part 3. Second, we ptelsealth costs of heat waves,
drawing on research in WP6.

Part 5 “Economic costs of flooding in cites” pretseanalyses of flooding costs by first
estimating their impact through transport disruptagain using the cost methodology
in Part 3, and second by assessing the costs déwelarise and costs and benefits of
sea protection, drawing on research in WP1.

Part 6 “Data for the RAMSES common platform” setd the data results that have
been uploaded to the RAMSES common platform antibeillinked to the European
Clearinghouse ClimateAdapt (http://climate-adat.eeropa.eu/).

Finally, Part 7 sets out the “Conclusions and icgilons for future research”.
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3 Heat and productivity costs — a transferable methodor
the city economy

3.1 Urban heat and the cost methodology

We develop a method to estimate impacts of clincditange to the city economy
through various channels that affect economic prtodn. For example, heat waves
may affect the amount of labour supplied by indrepdravelling times, or decrease
labour productivity, among others. Floods may alsorease the labour supply due to
transport disruptions, increase transport costdniputs or final products, or decrease
the amount of capital available for production.

Here we focus on the impact of heat to the urbam@ny through decreased labour
productivity, and use our model to identify vulngt#ies of the city economy and to
compare the effectiveness of different adaptatieasuares. The cost methodology starts
from the observation that heat, through its phygmal impact on individuals
(Kjellstrom et al. 2009), induces a decrease in productivity at tisividual level and
shows how this decrease aggregates into productsses at the city level, for different
levels of heat stress. The purpose is to illustifaéeuse of the methodology, rather than
to provide precise estimates.

3.1.1 Climate models at the city level

Since our purpose is to estimate the impact of bats in the urban economy, it is
important to include the influence of urban buiit-tareas on the large-scale
meteorological data. Hence the use of meteorolbgiceanalysis) data or rural
measurement would be inappropriate in this conttndtead we model the urban
influence on hourly air temperatures, land surfseeperatures, wind speeds and
humidity values using the UrbClim model.

UrbClim is an urban climate model designed to maahel study the urban climate at a
spatial resolution of a few hundred meters. The ehatales large-scale weather
conditions down to agglomeration-scale and compihgsmpact of urban development
on the most important weather parameters. It ispos®d of a land surface scheme
describing the physics of energy and water exchdogmveen the soil and the
atmosphere in the city, coupled to a 3d boundaygrlanodule, which models the
atmospheric dynamics above the urban agglomeration.

The atmospheric conditions far away from the ciéntce are fixed by meteorological
input data, while local terrain and surface datfuémces the heat fluxes and
evaporation within the urban boundaries. The ternaput of UrbClim consists of the
spatial distribution of land use types, the degséeovering of the soil by artificial
structures such as buildings and roads, and thetatgn cover fraction, all taken from
publicly available remote-sensing data sets. A idetadescription of the model is
provided in De Ridderet al (2014) (Deliverable 4.1) and in De Riddsral. (2015),
and the set-up for this study is provided in Hoogheet al. (2014) (Deliverable 4.2)
and Lauwaett al. (2015). Validation campaigns have compared aiptratures (De
Ridderet al., 2015, Lauwaeet al, 2015, De Ridderet al, 2014 — Deliverable 4.1 —,
and De Riddeet al, 2011), wind speeds (Hooybergétsal, 2014 — Deliverable 4.2)
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and land surface temperatures (Zhou, et al 201%)rb€lim with measurements and
remote sensing data a lot of cities.

The current climate is studied by coupling UrbClilarge-scale meteorological data
of the European Centre for Medium-Range Weatheedasts (ECMWEF); within the
current study we use the ERA-Interim reanalysisaddto study the future urban
climate, UrbClim has been coupled to the outputanfensemble of eleven global
climate models (GCMs) contained in the Coupled Mddercomparison Project 5
(CMIP5) archive of the IPCC (IPCC, 2013). The IP@port identifies four climate
scenarios (called Representative ConcentrationwRgth) RCP), ranging from very
strong mitigation scenarios (RCP2.6) to a busimessasual scenario (RCP8.5). Due to
computational time limitations, we consider onlg tRCP8.5 scenario. Although this is
the scenario with the largest warming potentiaktil assumes emissions well below
what the current energy mix would produce in there (Petergt al.2013).

The details of the coupling between UrbClim and GGMput are described in
Lauwaetet al. (2015) and Hooyberghst al (2015) (Deliverable 4.2). In order to
reduce computational time, we only couple UrbClimnthe output of one GCM, the
GFDL-ESM2M model of NOAA (Dunne, 2012 and Dunne12p This model was
selected since, among the 11 GCMs that are comesidar Hooybergh®t al. (2015)
(Deliverable 4.2), it yields the median warmingtbé mean temperature for the three
cities under investigation.

The ERA-interim runs described above are considasethe benchmark for all future
climate projections. Therefore, we introduce a beasrection which reduces the
differences between (1) the urban climate simulatéd ERA-interim meteorological

input, and (2) the urban climate simulated with @@M as a driver, for the reference
period. The bias correction rescales the mean lamatandard deviation of the GCM-
runs to the ones for the ECMWEF runs. A more dedadescription of the coupling

between UrbClim and the GCMs and the associated tarection is provided in

Lauwaetet al. (2015) and Hooybergtet al. (2015) (Deliverable 4.2).

3.1.2 Estimating indoor temperature and working condision

This study focusses on office buildings, eitheripged with a cooling system either
‘free-running’ during summer time, i.e., withoutti@e cooling equipment. The case
study model under investigation is a typical modérstorey office building. The
generic typology can be considered representabvecédntemporary building praxis,
and is identical for the three case study locatiomssidered. While the aim for future
research is to model different types of buildingsg( warehouses, factories) that are
relevant to different sectors of the economy, trgd computational time pertaining to
buildings simulations on a climatological scaled&rs such an analysis at this time. We
therefore restrict the analysis to one prototypédng. This is one of many caveats that
need to be recognised when interpreting any ecanoceist outputs from the
methodology.

We study two versions of the prototype building,ietthonly differ in the presence or
absence of a cooling system, but are otherwisetic@nFor the former building, the
focus lies on the energy demand of the heatingtilagon, and air conditioning
(HVAC) system, while for the latter one, the fodies on productivity losses.
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Indoor thermal comfort and energy use of a buildarg heavily influenced by the
outdoor thermal environment. The thermal conductitmough the building skin and
heat transport by air exchange depend on the thegradient between indoor and
outdoor air temperature.Other local climatic conditions such as wind speed
directions, sky coverage and outdoor air humidiilf also have an influence on the
energy flows to and from building. It is thus exi@et that the combined effect of
climate change and urban heat island effect walliltein impacts on the indoor ambient
temperatures of buildings, especially during summer

Figure 3-1 Rendered image of the case study dffidding

The results reported refer to the third storey ho$ touilding. The floors above and
below are assumed to have an identical temperatmm@& occupancy profile,

consequently there is no net resulting heat fliough the floor and ceiling of this
storey, which allows the floors and ceilings to rbhedelled with adiabatic boundary
conditions. Due to the elevated location, shadoveffigcts of parking lots, small trees,
etc. can be neglected. It is assumed that the ibgildeceives no shadow from
surrounding buildings or larger trees. The buildimgs a heavy weight construction
comprising concrete floors and masonry externalsmaith 10 cm rigid polyurethane

foam insulation board in the cavity (Lambda-value 0.0245 W/mK).

Table 3-1 Main characteristics of the building elope of the 3th

storey
Construction Surface Thermal properties
External 530.40 m?2 U-value = 0.201
facade W/m2K

3 For detalils see also Olonscheck et al. (2011) dodsbheck . (2015).
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Windows 152.96 m? Uglass=1.199W/m2K
(136 m2 glass, 16.96m?2 Utame=1.199W/m2K
frame) SHGCa=0.389

Floor 1080m? (adiabatic)

(Ceiling)

The impact of changes in outdoor climate on thefoperance of the building is
evaluated through computer-aided simulations. A adyic building performance
simulation software is an engineering tool which paedict the energy performance of
a building by calculating envelope heat gains goace heat loads, system and plant
operation. (Boyanet al.2013; Crawleet al.,2008 ; Honget al.,2000). These models
use a forward engineering approach rather thaiststat methods or calibration; in this
approach the equations describing the physicaibenaof systems and their inputs are
known and the objective is to predict the outpltingo, 2014)

By modelling the physical properties and governiegit flow equations, the tool can
accurately assess the temperature profile, theepeat thermal comfort and the energy
demand of the building. (Ryaat al.2012; Loutzenhiseet al,2009). In this study, the
building is modelled using the open source EnengyRimulation software (v8.2.0,
released September 2014), a state-of-the art hgilenergy analysis software which is
managed by USA National Renewable Energy Laboraf(bfiREL (Crawleyet al,
2001; Henningeet al, 2004).

The building is subdivided into four thermal zon&Sithin a single zone, the air
temperature is assumed to be uniform. Two officeezoare located at the perimeter,
each having 61.20m?2 glass area oriented eitherhNartSouth. A third office zone
without external windows is located in the cordled building. A forth zone comprises
the auxiliary functions such as staircases andaébes and contains 13.6m2 outdoor
windows, evenly distributed amongst Northern andtBern fagade. The four thermal
zones all have an identical floor area of 270m?2.

The air infiltration is set to 0.4 mdh per squaretre of external facades. The
ventilation rate for the three office spaces isuassd to be 5 m3/h/m2 during occupied
hours, and 0 m3/h/m? when not occupied in the lsase. Considering 10 m? of office
space available per worker, the ventilation rateiaésy 50 ms3/h/person, which
corresponds to IDA class 2: “Medium indoor air gtyal according to European

standards (EN 13779:2007).
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Figure 3-2 Graphical representation of a thermaldabrepresenting
the third floor which consists of 4 interconnectiedrmal zones.

EnergyPlus simulates the heat balance within e&tleazones at a user-specified time
step, in this case a 10 minute interval. The heatsgand losses through the building
enclosure, internal gains, and heat flows due tudikaion, interzone air flows and air

infiltration are modelled. By using a small timetransient effects of the construction
thermal inertia are also considered (Aste et 8l152. The internal thermal gains result
from 10 W/mz artificial lighting installed in theffae zones, 7.5 W/m2 heat loads from
the office equipment, and the metabolic heat g&ios the workers present. Every
person is assumed to have 10 m2 of office spad&abla resulting in 27 people present
in each of the three office zones when fully ocedpi

The thermal loads resulting from the heat balanee passed on to EnergyPlus’s
integrated systems simulation module, which catesldhe corresponding heating and
cooling system response, taking into account eificies and maximum output power
(Crawley et al, 2008). If the system cannot meet the imposed,loa if a cooling
system is absent, an imbalance in the heat flovetbfrom a thermal zone will result
in a temperature change. The integrated building aystem simulation modules
implemented in EnergyPlus thus allow to accurateigdel the indoor thermal
conditions of the building.

3.1.3 Productivity loss functions

The link between heat stress and labour produgthas been extensively studied at the
micro level. Studies have found that human perforceaboth physical and intellectual,
varies with temperature, decreasing as heat inesessove a certain threshold. Here we
benchmark the reduction of worker productivity ne tabsence of corrective measures
(adaptation), and then evaluate the averted provihyctosses (adaptation benefits)
under a range of adaptation measures.

Early studies showed that cognitive performanceéasks such as vigilance, reaction
time, and time estimation decrease with high tesipees (Grether 1973). Similarly,
Wyon (1974) showed the negative impacts of modirditigh temperatures on type-
writing, while Ramsey (1995) demonstrated that eases in temperature lead to
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reduced performance in perceptual motor t4sgice office workers rely strongly on
comfortable conditions to perform their daily joltkie productivity of employees
decreases rapidly when indoor temperature or hiynigivels rise above certain
thresholds (Berger, 2014).

To estimate the reduction in productivity of indiual workers due to physiological

impacts on workers, a detailed physiological studyrequired under controlled

conditions. However, at the scale of the city, veheonditions vary from building to

building and street to street, an estimation ofsblggical changes is not possible.
Instead, we follow previous researchers workingthet population level by using

internationally agreed standards for the lengtivorfk breaks at different temperatures
above a heat stress threshold (e.g. Kjellsteva. 2009; Jay and Kenny 2010).

We define worker productivity as the proportionafvorking day that a worker can
perform a job under different heat conditions (kKgbm, 2000). At a comfortable
temperature and humidity (estimated using Wet B@lbbe Temperature, WBGT),
worker productivity is defined as 1 (or 100%), with additional rest time required due
to heat. If 25% rest time is required, worker pratdaty is 0.75 (75%) and so on. Using
this approach, we can estimate continuous prodtictoss functions based on WBGT
levels for every hour of the day. Section 3.2.lvmtes more details on the estimation of
these loss functions.

A range of international and national standardsideo guidelines and regulations for
employers to protect employees from heat stresedban physiological experiments.
Here, we use ISO standards as the recognised atitamal benchmark. We then test the
robustness of results by comparing the ISO stasdanth the most accepted US
standard provided by the National Institute for @uational Safety and Health
(NIOSH).

Finally, different types of work activity requirefiérent energy expenditure and so are
affected by heat stress to a greater or lessemtex@onsequently, we derive a

productivity loss function for each sector of trmeomy, based on an estimate of the
average work intensity (WI) required for work irattsector.

Many indices exist to measure heat exposure. Gkthene of the most commonly used
in occupational health is the Wet Bulb Globe Terapge (WBGT) The WBGT is a
combination of three measurements: the naturabwit temperature (Tnwb, measured
with a wetted thermometer exposed to the wind aat hadiation at the site), the black
globe temperature (Tg, measured inside a 150 mmedex black globe) and the air
temperature (Ta, measured with a normal thermomshaded from direct heat
radiation). For indoor settings, direct solar réidia is unimportant. Hence the formula
WBGT = 0.7 Tnwb + 0.3 Ta is used for indoor WBGTile for outdoors WBGT = 0.7
Tnwb + 0.2 Tg + 0.2 Ta is used (NIOSH, 1986).

Physiologically, the wet bulb thermometer modeks ¢boling of the body by sweating.
To obtain indoor WBGT-values this quantity is comdd with the air temperature,
while for outdoor situations the incoming radiatisralso taken into account. Multiple
methods exist to estimate the WBGT from standardeanelogical variables, an

* For a review of the literature studying the effecff heat on cognitive performance refer to Hancaokl
Vasmatzidis (2003).

> The WBGT is a composite index used to estimateetfext of temperature, humidity, wind speed aride(d and
thermal) radiation on humans introduced by the tiyalecades ago (Yaglou, 1956).
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overview of which is provided in (Lemke, 2012). lealing their suggestion, the semi-
empirical formula of Bernard (1999) and the thergraimic model of Liljegreret al.
(2008) are selected to calculate respectively thdaor and indoor WBGT.

The productivity of labour for labour of a given skdntensity is thus a monotonically
non-increasing function of the Wet Bulb Globe Tenapare between an upper and a
lower bound. Above the upper WBGT bound, workerdpiaivity is zero, while below
the lower bound, productivity is 1. Hourly prodwity loss from WBGT, for a given
work intensity (WI) is given by

1 WBGT < Min
Py = {f(WBGT) Min < WBGT < Max (1)
0 WBGT > Max

where f(WBGT) is a monotonically decreasing funetad WBGT. These ) functions
are then aggregated into annual productivity I&sductivity loss for labourl] in a
given sector s, ¢, is a function of WBGT through its effect on hguproductivity loss
across all working hoursh)f and working regimefl,...,H}, that is, a;; =

Zn Xwi=1 Pwin (WBGT).

3.1.4 Production function

We define constant elasticity of substitution (Cp8&)duction functions for each sector
s of the economy that specifically encompass thelyetvity loss functions. The CES
function is a general form production function the#sumes a constant percentage
change in factor proportions from a percentage gham the marginal rate of technical
substitution. We use the standard form (Arretnal, 1960). Sectorial production in a
given time period is thus the result of a certain level of the irgpaapital (K) and
labour (L) in the following manner:

1
Yc,s,t = f(Lc,s,t' Kc,s,t) = As,c [gs(aK,ch,s,t)ys + (1 - es)(aL,ch,s,t)ys] Vs (2)

where Y, ;. is a measure of production in secsan city ¢ at yeart, A, . is total factor
productivity by sector and city; is the share of capital in sect®r y, measures the
degree of substitution between production factasag ; anda, ¢ are, respectively, the
productivity of capital and labour in sec®rfor simplicity we normalise ; to 1, and
a,s is the function of WBGT defined in Section 2.ZheTelasticity of substitution in

each sectos is given by p, = o

City production is a sum of sectorial productiomoss all theN sectors of the urban
economy, and given by:

Yor = Zfs\]:l Yest (3)
Thus equation (2) can be rewritten as:

L
Yc,t = IsvzlAs,c [es(aK,ch,s,t)ys +(1- 95)(aL,s(WBGTh)Lc,s,t)ys] Vs (4)
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which gives us city production as a function of WB@ecausea, ;(WBGT) is a
decreasing function of WBGT, and WBGT is increasmtemperature, city production
is by construction a decreasing function of workplaemperature. Exactly how
production varies with WBGT depends both on weigiit each sector on total
production, as well as on the parameters of eatiorse production function.

Hence the use of an explicit production functiondach sector that is aggregated into
city Gross Value Added (GVA) enriches the analyassit allows us to track the impact
of different economic structures on the final effetheat stress on the urban economy.
An overview of the full model, from the physical dedling to the final function of city
GVA, is presented in Figure 3-3.

Figure 3-3 Model Overview

temperature (t)

humidity (h) = Urbclim(terrain,meteorology)
wind speed (w)
e c: city ti, hi = EnergyPlus(t, h, w) e Ag: total factor productivity
e s sector i/ o K., capital
e y: year WBGT, = m(ti, h;) o L., labour
l/ e ag ¢ productivity of capital
aL.c.s.y‘z 9s(WBGT, ) ® afsy: productivity of labour
' e ~,: degree of substitutability
Sector level GVA v

fOs: share of capital

ch,s,y = f(Lc,s,ya Kc,s,y) =

‘ = As [es(aK,ch,s,y)’ys + (1 - 93)(@L,c,s,ch,s,y)%)] s ‘
Y

_ v N
chvy - 2821}/&573}
City GVA as a function of heat

3.2 Calibration

We calibrate the model to the economies of Antw@telgium), Bilbao (Spain), and

London (United Kingdom). Productivity losses an@latg costs are computed for three
periods of twenty years: a reference period (192605), and a near (2026 — 2045) and
far (2081 — 2100) future period. To reduce the catagonal costs, only one reference
year and 4 future years are considered in the ecmnanalysis. We use the year 2005
as the reference year, and for each future pef20@6-2045 and 2081-2100) and for
each city, we choose a “cool” year (the year wité minimal productivity loss) and a

“warm” year (the year with the maximal productivitss). The choice of the years is
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dependent on not only the exact time frames but tis choice of the global climate
model, but by considering a warm and a cool ydas, procedure defines a range for
presenting climate projection results. The chossaryare listed in Table 3-2.

Table 3-2 Future years used in the analysis

Antwerp London Bilbao
Near future cool 2038 2043 2028
Near future warm | 2044 2042 2040
Far future cool 2097 2097 2092
Far future warm 2084 2083 2099

We use the statistical classification of econonaiivéies in the European Community
(abbreviated as NACE) to classify economic actgitinto sectors. This gives us a total
of seven broad sectors. Their full names, alond whie reduced name used in the
remainder of the paper, are set out in Table 3-3.

Table 3-3 List of Economic Sectors Used

Full Sector Name Reduced Name
Agriculture, forestry and fishing Agriculture, forestry
and fishing
Industry (except construction & manufacturing) Other Industry
Manufacturing Manufacturing
Construction Construction
Wholesale and retail trade, transport, accommoudatio Wholesale and retalil
and food service activities trade
Information and communication Information and
communication
Financial and insurance activities; real estatwities; Financial and
professional, scientific and technical activities; insurance activities
administrative and support service activities
Public administration and defence; compulsory docia Public administration
security; education; human health and social work and defence
activities; arts, entertainment and recreationvais

To measure production we use Gross Value Added (GatAthe sector level. GVA
measures the value of goods and services prodocsath sector of the economy minus
intermediate consumption.

The sectoral divides and total GVA for the refeeeperiod for each of the cities are
presented in Figure 3-4. The total GVA varies fr@25983 million in Bilbao to
€471647 million in London. The distribution of GVBetween sectors also varies
considerably. For example, the manufacturing seamtoount for 21.4% of the GVA of
Antwerp but only 5.7% of that of London.
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Figure 3-4 GVA of Antwerp, Bilbao and London (2005)
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3.2.1 Calibrating productivity losses

As an international standard, we use ISO stand24@:71989 on heat stress at different
work intensities to estimate worker productivitys$ofunctions (ISO 1989). Following
Kjellstrom et al. (2009), we estimate the WBGT at which the ISO necends an
average, acclimatised worker should perform workl@®%, 75%, 50% and 25%
productivity, as well as the threshold WBGT abovdch workers are performing at or
very close to zero capacity. Using the method sktby Kjellstromet al. (2009) we
estimate the WBGT for each work intensity and fache work/rest ratio from the
graphic: the results are shownTiable 3-4

Table 3-4 Worker productivity at different work @nsities, using 1SO standards for an
average acclimatised worker wearing light clothin§@ 7243)

Worker productivity (per | Light work Moderate work Heavy work

hour) (WI = 180W) | (WI = 295W) (WI = 415W)
WBGT (°C) | WBGT (°C) WBGT (°C)

100% (full work) 31.0 28.6 26.8

75% 31.5 29.0 27.8

50% 32.0 30.5 29.5

25% 32.5 31.7 31.2

Using the estimations imable 3-4 productivity loss functions for five different wo
intensities (WI) were calculated. The functiong,@é below, are also shown in Figure
3-5 Hourly worker productivity loss functions basadISO standards

Work intensity 1 Wl = 180W):

1 WBGT < 31
P; =416.5 — 0.5WBGT 31 <WBGT < 33
0 WBGT > 33
Work intensity 2 I, = 240W):
1 WBGT < 29.6
P, =410.1 — 0.3WBGT 29.6 < WBGT < 32.9
0 WBGT > 32.9
Work intensity 3 I3 = 295W):
1 WBGT < 28.3
P; =47.20 — 0.2WBGT 28.3 < WBGT < 32.8
0 WBGT > 32.8
Work intensity 4 WI,= 355W):
1 WBGT < 27.4
P, =162 —0.2WBGT 27.4 <WBGT < 32.7
0 WBGT > 32.7

Work intensity 5 WIs= 415W):
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1 WBGT < 26.6
Py =45.4 — 0.2WBGT 26.6 < WBGT < 32.6
0 WBGT > 32.5

Figure 3-5 Hourly worker productivity loss funct®iased on 1SO

standards
EVIL.S
W — N 5
\\,.\ \\\ \\\
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The productivity loss functions for work intensgié/l; (180W), Wl; (295W) andWis
(415W) were calculated directly from Table 3-4abidition, we estimated functions for
Wl (240W) andWI, (355W) by taking the mean average of the othes faactions.
This provided a set of loss functions, each of Wtdan be allocated to a specific sector
of the economy.

We tested the robustness of results based on @etihdards by comparing them with
the US national standard provided by the Nationslitute for Occupational Safety and
Health (NIOSH). The WBGT for each work intensitysisown inTable 3-5 In both the
ISO and NIOSH cases, workers are assumed to bématised. This provides a
relatively conservative estimate of heat stressantg on individual productivity.
However, non-acclimatised loss functions can alsoubed, for example based on
estimates provided by NIOSH (s&able 3-§.

Table 3-5 Worker productivity at different work ins#ties, using US standards for
acclimatised workers (NIOSH)

Light work Moderate work Heavy work
Worker productivity - 180w) | (wi=205w) | (Wi =415W)
(per hour)

WBGT (°C) WBGT (°C) WBGT (°C)
100% (full work) 29.5 27.5 26.0
75% 30.5 28.5 27.5
50% 31.5 29.5 28.5
25% 32.5 31.0 30.0
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Table 3-6 Worker productivity at different work insities, using US standards for non-

acclimatised workers (NIOSH)

Worker productivity Light work Moderate work Heavy work

(per hour) (WI=180W) | (WI=295W) (WI = 415W)
WBGT (°C) WBGT (°C) WBGT (°C)

100% (full work) 27.5 25.0 22.5

75% 29.0 26.5 26.5

50% 30.0 28.0 28.0

25% 31.0 29.0 29.0

To allocate an appropriate productivity loss fumictito each sector, we used the
classification of different job activities by woriktensity used by the British and
European standard on heat stress, BS EN 27243:4884ased on the ISO 7243:1989
(see British Standards Institution 1994).
relationship between work intensity and sector.

Tabler 3ummarizes the resulting

Table 3-7 Estimated work intensity in differentteexof the economy

Sector Average Work Work Intensity
Intensity (W) Category (WI)
Agriculture, forestry and fishing 355 Moderate/hi@h
Other Industry 295 Moderate (3)
Manufacturing 240 Light/moderate (2)
Construction 355 Moderate/high (4)
Wholesale and retail trade 240 Light/moderate (2
Information and communication 180 Light (1)
Financial and insurance activities 180 Light (1)
Public administration and defence 240 Light/mode(a)

For simplicity, we assume that work in the agrictdt and construction sectors are
performed outdoors, while work in all other sectigrperformed indoors. As a baseline,
we assume all individuals work from 9h-13h and 1Zh; under legal ventilation

standards established in Antwerp, without air cbading.

We also assume that losses to productivity duestd ban potentially occur during the
three hottest summer months (not in other monttikefear) and that all workers take
their holiday during the summer period. As a resuét estimate losses for only 2 out of
the 3 months. This is a very conservative estimad®losses are likely to occur in more
months throughout the year, especially for thefdéure. Hence, the end-of-the-century
results are actually a lower limit on the true fiac of lost working hours and cooling

costs.
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3.2.2 Substitution of capital and labour

The production function parameters &nd 0) are calibrated at the sector level and
some of the choice and outcome variables (nankehp, and GVA) are calibrated at
city-sector level. The data was retrieved from EWBR®@T's regional statistics for
metropolitan region8.Metropolitan regions are NUTS3 regions or a comatiim of
NUTS3 regions which represent all agglomerationatdéast 250 000 inhabitants. All
variables were calibrated for the year 2005 asd¢ference year. We choose to use 2005
data instead of introducing another set of strosgumptions that are inevitable to
perform economic forecasts for periods in the e, such as 2081-2100.

The values for the elasticity of substitutigr) @nd the proportion of each inp{&) are
estimated at the sector level for the United Stdtesl 997 and 1960-2005, respectively.
The estimation op is taken from Young (2013), and that @ffrom Valentinyi and
Herrendorf (2008). The sectors differ and were apipnated to match the NACE. The
sectors used, as well as the years estimated tavatsa Table 3-8.

Finally, estimates of capital stocks at the cityeleare not available from EUROSTAT.
Accordingly, the Perpetual Inventory Method (PIMpasvused to estimaté from
regional-level time series of grossed fixed cagiaination (GFCF) also available from
EUROSTAT. The PIM is a commonly used approach ofisneng capital stocKs,
based on the idea that they constitute cumulatwsfiof investment (OECD, 2009). It
iIs based on the assumption that I§pgts the expression for the capital stock in the
steady state of the Solow model (Solow, 1956).

We start by computing the initial capital stock as
S g+s

Where § is our measure of investment (gross fixed cajaahation) in the first year
available, g is the average geometric growth rateHe investment series between the
first year with available data and the last, &anslthe depreciation rate.

Ko

Gross fixed capital formation is defined as thedest producers’ acquisitions, less
disposals, of fixed assets during a given periag gertain additions to the value of
non-produced assets realised by the productivevigciof producer or institutional

units. It is available from EUROSTAT for London fthe region of Antwerp, and for
the Basque Country, where Bilbao is situated, facheof the sectors used in the
analysis.

We use the depreciation rate estimated by the Ulikc€®for National Statistics (ONS)
for all three cities. The ONS assumes that pladtraachinery has a life of 25-30 years
in most industries, which is equivalent to a geaioeate of 5%-9% if growth does not
exceed 5% per annum, much lower than the US ragechdose a rate of 7%. Finally,
we use the fixed capital investment deflators fidlmenomics (www.bluenomics.com),
which are defined for each country.

® The sectoral distribution was not available forbBib for 2005. We took the closest year for whiottaal GVA
was available (2008) to calculate each sector'ghteiand used the total 2005 GVA to estimate saLGNVA in
2005.

" Two examples are Hall and Jones (1999) and C#2e0b).
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We then update the values Kf for each yeart to give us 2005 levels of capital
according to:

K =1 + (1 - 5)Kt—1

All the sources of data for the calibration of gduction function, along with the

sectors used to approximate NACE for each, areritbescin Table 3-8.

Table 3-8 Sources and Sectors for Calibration

GVA (Y) and Gross Fixed Capital/Labour | Elasticity ()
Employment (L) Capital Formation| sharesg)
Source EUROSTAT,; EUROSTAT; Valentinyi and Young (2013)
Antwerp, Bilbao, Antwerp, Basque Herrendorf (2008)| United States
London Country, London United States
Years 2005 Varying 1997 1960-2005
Sectors | Agriculture, forestry | Agriculture, forestry| Agriculture Agriculture
and fishing and fishing
Industry (except Industry (except = Manufactured | = Manufacturing & Metal
construction and construction and consumption & mining, Coal mining, Oil and gag
manufacturing) manufacturing) Equipment & extraction, Non-metallic mining
Construction
Manufacturing Manufacturing Manufactured | = Food and Kindred Products,

consumption

Tobacco, Textile mill products,
Apparel, Lumber and wood,
Furniture and fixtures, Paper and
allied, Printing, publishing and
allied, Chemicals, Petroleum and
coal products, Rubber and
miscellaneous products, Leathef,
Stone, clay, glass, Primary metal
Fabricated metal, Non-electrical
industry, Electrical industry,
Motor vehicles, Transportation
Equipment and ordinance,
Instruments, Miscellaneous
Manufacturing

Construction Construction Construction Construction

Wholesale and retail | Wholesale and retail = Manufactured | = Transport & Services & Trade
trade, transport, trade, transport, consumption &

accommodation and | accom. and food Services

food service activities| service activities

Information and Information and Services Construction

communication communication

Financial and Financial and Services Finance, Insurance & Real Estate
insurance activities; | insurance activities;

real estate activities; | real estate activities

professional, professional,

scientific and scientific and

technical activities; technical activities;

administrative and administrative and

support service support service

activities activities

Public administration | Public admin. and | Services Government Enterprises

and defence;
compulsory social
security; education;
human health and
social work activities;
arts, entertainment

defence;
compulsory social
security; education;
human health and
social work

activities; arts,
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and recreation; other | entertainment and

service activities; rec.; other service
activities of activities; activities
household and extra-| of household and
territorial extra-territorial
organizations and organizations and
bodies bodies

Notes: The = is used to indicate that an averageasé than one sector was used.

3.2.3 Adaptation measures

We choose the adaptation measures most likely teffeetive, based on Floatet al.
(2014) (Deliverable 5.1) and Kallaes$ a.l (2015) (Deliverable 2.4) and the results of
Task 4.3 (to appear in Deliverable 4.3). First, @gimate losses under behavioural
adaptation, in the form of changing working hoW& use three regimes where work is
delayed towards later in the evening, three whiel® done earlier in the morning, and
one extreme regime that includes early morning latelafternoon work. The working
regimes used are, in 24h format:

« Baseline hours: 9h-13h; 14h-17h

+ Afternoon schedules: 9h-13h; 15h-18h & 9h-13h; 16h-& 9h13h; 17h-20h
* Morning schedules: 8h-12h; 14h-17h & 7h-12h; 15h-&76h-13h
« Extreme: 7h-11h; 17h-20h

The hard adaptation measures, on the contrary,lynd@al with decreasing the indoor
temperature in the office building. We first estim¢éhe effect of an increase in the rate
of mechanical ventilation (from 22¥h/p, the legal minimum in Belgium, to 56f/p).

In this scenario, the air in the office building&reshed two times each hour.

We also study the use of solar blinds at the oettsidhe building. These blinds are sun
blocking screens that automatically lower if thradiance on the windows is larger than
a certain threshold value (in this example setX&Vfm2), thereby effectively reducing

the incoming solar radiation. Both the externaldsiig and the increased ventilation
rates were previously suggested by Jengschi. (2008).

We also study the effect of an increase in insoathis means a reduction in the heat
transfer through the glazing by decreasing thedstah U-value of 1.2W/m#/K to
0.8W/m#/K.

Finally, we focus on air conditioning by studyingetenergy necessary to completely
eliminate productivity losses for indoor work. Bétieost ratios of air conditioning,
taking account of averted losses and energy deroasts, are presented in Section
3.3.1.

In addition to studying the impact of these measwe productivity, we study the
performance of the different measures in termdheirtimpact on energy costs. In the
base line set-up, the mechanical ventilation isiced during the night (to 25% of the
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rate during the day, being 5.5 m3/h/p), in ordereduce the ventilation costs. Because
of this, the temperature increases and hence hgiwing costs are needed during the
day. As an adaptation measure, we propose to keepentilation during the night at
the same rate as during the day (at 22 m3/h/p)studly the impact of this measure in
terms of energy costs This option has already vedesome attention (Seppanen, 2003;
Frank, 2005).

Finally, changing the setpoint temperature of theliog system provides an additional
way to reduce the cooling demand, for instancengyeiasing the maximally allowed
temperature in the building from 25°C to 31°C. Thdaptation measure has also
received some attention in scientific literaturg @012 and references therein), and in a
2005 field test workers in central government bogd in Japan were asked to increase
the summer air-conditioning start-up temperatur28uC (Roaf, 2010). These measures
are summarized in Table 3-9.

Table 3-9 List of adaptation measures used

Adaptation measure Description

Behavioural adaptation Changing working hours

Increased ventilation Increase in ventilation fribva legal level 22h/p to 50nVh/p
Solar blinds Installing solar blinds on the outsid@vindows

Insulation Increase in insulation

Air conditioning Use of air conditioning

Nightly ventilation Increased ventilation duringethight

Higher setpoint Increasing the setpoint temperatfithe cooling system

3.2.4 Energy demand

The energy demand of the HVAC system in a buildirdilp a cooling unit consists of
two parts — one related to the ventilation and dbi®er to the cooling system. The
demand of the cooling system depends on the temoperan the office building, and
hence differs hour after hour. The energy conswnptf the ventilation scheme is
independent of the climatic variables. Hence, fache building set-up, the cost is
constant in time. Both the cooling and ventilatemergy demand of the entire office
floor are standard output fields of the EnergyPhsdel. Due to the nature of the
cooling system (which keeps the temperature behlmasetpoint value in all the rooms
of the building simultaneously), it is impossibtedisentangle the costs for the different
rooms. We will therefore always provide ventilatiand cooling costs for both north
and south facing rooms.

A bias correction is again introduced for the coglicosts to reduce the unwanted
difference between the ERA-Interim runs and therexice period runs using GCM
climatic data, in the spirit of the bias correctifun air temperatures (Lauwaet al,
2015). This gives us total energy costs in MWha@oom o0f1080 m2and height 3.4m.

In order to monetize the energy costs we use engriges and total non-residential

floor space in each of the three cities. An appr@ate estimate of total floor space was
collected from government contacts within each.ci¥hen available all floor space

related to economic activity was used, and whenweused proxy values from retail

data.
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In terms of energy costs, we use past energy pridés to the variability in prices, we
use an average of semi-annual data, from 2007 14, 2vailable for each country from
Bluenomics (www.bluenomics.com). We focus on medsiae industrial consumers
medium standard industrial consumption band with amual consumption of
electricity between 500 and 2000 MWh. Electricityoguction and network costs
including all non-recoverable taxes and levies.

3.3 Results

3.3.1 Economic losses in different sectors

Estimated losses due to heat stress and prodycéiret non-negligible. In a warm year
in the far future they are estimated to be of 0gf9%&VA in London, 2.1% in Antwerp,
and 9.5% in Bilbao. These correspond to total lsslearound €1,900 million for
London €669 million in Antwerp, and €2,500 milliomBilbao, in 2005 prices.

Even though the loss to the London economy is aukist, in relative terms it is the
lowest. This is due to a combination of lower terapgres and an economic structure
that implies less vulnerability to heat stress.sTikifor example due to the large weight
of the financial sector on London’s GVA. This seatombines low labour intensity and
lower impacts of heat due to lower work intensities

Losses will tend to increase with time, in parteouh warm years, although not always
linearly. Figure 3-6 presents losses in the fivargdor the three cities.

Figure 3-6 Heat related GVA losses across time
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Losses vary greatly across sectors. While in Anpesses in the manufacturing sector
amount to 24% of all losses, in London they arg @8b. On the contrary, the
construction sector accounts for only 4% and 6%sdes in Antwerp and Bilbao,
respectively, while it accounts for 18% in London.
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Figure 3-7 Antwerp: Heat losses in a warm year i@ fér future
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Figure 3-8 Bilbao: Heat losses in a warm year in taefuture
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Figure 3-9 London: Heat losses in a warm year i@ fér future
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3.3.2 Comparative statics

Production is monotonically non-increasing in WBGTowever, for constant labour
and capital levels (that is, assuming capital afmblir are at their optimal level), the
shape of the relationship changes depending orcdpgal/labour share®) and the
elasticity of substitution (measured by

Figure 3-10 and Figure 3-11 depict GVA for a seabrintensity WI,=240W as a
function of WBGT and elasticity, assuming the saemperature is observed for all
working hours within each day. GVA is depicted be ty-axis, WBGT on the x-axis
andy on the z-axis. The production function is calibthto mimic the manufacturing
sector in Antwerp. Figure 3-10 uses capital/labshare® = 0.4 and Figure 3-11
6 = 0.7. For low values o¥ (high elasticity), a decrease in capital sharesices the
concavity of the function, thereby causing highecréases in GVA as temperature
increases.

Intuitively, this means that the higher the shafrdéabour input in a given sector, the
larger the costs of heat through productivity lesdeor a given capital/labour share,
decreasing the elasticity of substitution (i.ecr@asingy) has the same effect. This is
intuitive and means that if it is difficult to sufltate labour with capital in production,
as labour become less productive, losses increaderf This is clear in both figures
when comparing the inclinations of the functiong at —1 andy = 0. Finally, for high
values ofy (low elasticity), increasing the share of capitatreases the responsiveness
of GVA to a marginal increase in WBGT for low lesadf the latter, but increases it for
high levels of WBGT.
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Figure 3-10 GVA as a function of WBGT and elastj@t=0.4
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Notes: GVA for a sector of W&240W as a function of interior WBGT anpd6=0.4.

The values for A, L, and K are set to mimic the ofaoturing sector in Antwerp.

Figure 3-11 GVA as a function of temperature arasetity; 6=0.7
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Notes: GVA for a sector of WE240W as a function of interior WBGT ayg6=0.7.

The values for A, L, and K are set to mimic the ofaoturing sector in Antwerp.

Finally, we study how losses to GVA across sectemsy when we change the
parameters of the production functigiigure 3-12depicts losses to GVA for each of the
sectors of the London economy. The baseline useadtual London calibration of the
function, in a warm year in the far future. We cargthis with the baseline calibration

but with first aB; 20% smaller, and secondoa 20% smaller (wherp, = ly )), for
each sectos.

a-

32 -



RAMSES Project (Grant Agreement n° 308497) D5.2

Figure 3-12 Losses to GVA for different parametémsydon
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= Baseline 4.9 58.9 122.8 343.3 398.9 111.6 449.3 415.2
= Theta 20% less 6.0 60.3 123.1 344.0 401.9 111.9 455.1 416.3
Rho 20% less 4.9 63.0 123.8 345.5 407.9 112.5 467.6 418.5

Notes: Losses to GVA for the baseline scenario,faf less 20% in each sector, gnaf less 20% in each sector.
Results for the London economy in a warm year irfdhéuture.

In all sectors decreasing capital shares increlsses, and in all but agriculture a
decrease in elasticity has an even larger impaacheasing losses.

In terms of which sectors’ losses make up a higiare of losses, the weight of the
manufacturing, construction, and public adminisbtratand defence sectors in the total
amount of losses decreases for both scenariose \ahithe others increase. These are
the sectors with the lowest elasticities of substnh, which makes them more
responsive to both changes in capital shares asti@ty itself, as can be inferred from
Figure 3-10 and Figure 3-11.

3.3.3 Impact of adaptation measures on averted losses

We first focus on behavioural adaptation by estingathe impact of changing working hours in
terms of averted losses for labour productivity. dh three cities, the morning working
schedules seem to lead to better results thanfteem@on schedules, with the schedule that
performs the best being 7h-11h; 17h-20h. Figur@® 8ldpicts losses in London in a warm year
in the near future (the year with the largest lessahe city) under different working schedules.
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Figure 3-13 Averted losses under different workiogrs
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Note: Results for London, for a warm year in tharrfeture

Finally, we compare across all adaptation measuhasurprisingly, air conditioning is
the most effective in reducing labour productivibgses from heat stress. Increased
ventilation performs well and solar blinds are adinas effective in reducing losses.
Increased insulation, on the other hand, increlmsses. This is because, in the absence
of increased ventilation, more heat is trappeddimshe building. Figure 3-14 presents
averted losses from alternative adaptation meagorésntwerp, for a warm year in the
far future. The behavioural change presented isvibrking schedule 7h-11h; 17h-20h,
the most effective for the case of Antwerp.

Figure 3-14 Averted losses under alternative adtapita

Solar blinds
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Increased in- -114

Increased ventilation 494

Behavioral change_ 156

Note: Antwerp, warm year in the far future. Valuesnillion €
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3.3.4 Adaptation and energy demand

We first focus on the energy cost in a ventilatedding during the reference period in
Antwerp, and compare the results for the differeatd adaptation measures. For
simplicity, we assume that the workers use the limesevorking hours. When
comparing the cooling costs for the adaptation &des in which the mechanical
ventilation is increased, we should also take atoount the increased ventilation costs.
Hence,Figure 3-15shows the average yearly cooling and ventilatiemand during
summer in the course of the reference period.

The ventilation cost only depends on the ventitagsgstem, and hence it is the same for
the base case, the building with solar blinds dedhiuilding with an increased higher
setpoint temperature, augmenting to 937 kWh forathire floor for one summer. For
the building in which the ventilation rate is inased and the building with increased
nightly ventilation, the costs of the ventilatiore dnigher, being respectively 2130 kWh
(more than twice the cost for the base case) ab@ k@/h.

Summing the ventilation and the cooling demandther base case building (with base
line working hours), a total energy demand of ntbe 6200 kWh per summer for the

reference period is observed. All the adaptatioesasures that are considered in the
study reduce the total energy costs, but the effades greatly between the different

options. Increasing the ventilation effectively weds the cooling demands, but due to
the increased ventilation demands, the net eféechly minor (reduction by 7% to 5800

kWh).

Adding solar blinds or increasing the nightly véaiton have approximately the same
effect on the total energy demand. The latter optats the cooling costs by 40%
percent, but due to the higher ventilation costs,total energy demand is only reduced
by 23%. Although the reduction in cooling costdawer when (external) solar blinds
are added, keeping into account the smaller veiotilacosts for this option, yields a
slightly higher total energy demand reduction o¥%28 he largest effect is obtained by
increasing the thermostat setpoint from 25°C toC31k this way, the tolerated
temperature in the office building increases drarady, but the cooling costs are more
than halved, being reduced to 2500 kWh.

Figure 3-15 Energy demand for Antwerp: Refereng@pe
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Note: average yearly cooling and ventilation demanding summer (May-September) in the
course of the reference period assuming baselimkimgohours.

Figure 3-16shows the future cooling costs in Antwerp, using RCP8.5 scenario and
the GFDL-ESM2M model to estimate the future urbdimate for the near future
(2026-2045) and the far future (2081-2100). We mghiow average results for twenty
years periods, and only focus on results for tersar period (May — September).

Figure 3-16 Energy demand in Antwerp: time evohutio

m Base Case
m Increased Ventilation
m Solar blinds
Nightly Ventilation
Higher Setpoint Temperature

Reference Periotllear Future (2026ar Future (2081-
(1986-2005) - 2045) 2100)

Note: Results for baseline working hours and thalbaation of the cooling and the ventilation demand
averages for summer period (May-September).

As expected, the cooling costs increase dramatibaliween the current period and the
near and the far future. The largest increase semed between the near and the far
future, while the increment between the referenegod and the near future is much
smaller. In a period of 100 years, the energy deimfam the base case building
increases by 25% from 6200 kWh to 7800 kWh. Theeiases for the adapted buildings
are more or less similar, but are slightly depehdsnthe details of the adaptation
measures. For the far future runs, anew, the sstatleoling costs (3800kWh) are
observed if the setpoint temperature is increas&i t°C.

Figure 3-17shows the cooling demands for Bilbao, London amdw&rp, using the
unadapted building. Cooling demands are, as exghentech higher in Bilbao, while
more or less similar results are observed for Lonaiad Antwerp.

The difference between the cooling costs in Antwarg London in the reference
period is below the uncertainty margin of this stuldut there is a significant higher
cooling demantin the lower-latitude city Bilbao, where the avggademand is 1.6

8 Note that the ventilation demand is the same énttinee cities (since the same ventilation systeapplied in all
three cities), hence we only focus on the (tempegadependent) cooling demand.

- 36 -



RAMSES Project (Grant Agreement n° 308497) D5.2

times as large as the one in Antwerp and Londomil&i results are observed for the
future time frames.

Figure 3-17 Cooling demand for the reference peaaod future periods
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Note: Demand in kWh per year for the referenceqokand future periods in the three EU-cities
under consideration. The results are obtained usiadase case prototype building (without any
adaptations measures), and using the base linéngankurs.

3.3.5 Benefit/cost ratios of air conditioning

In order to examine the use of our cost methodofoggstimating benefit/cost ratios of
adaptation measures, we explored the costs anditsenkeair conditioning based on
energy demand. As with the other estimates in régp®rt, the purpose was purely to
illustrate the use of the methodology, not to pdevcomprehensive benefit/cost ratios.
For example, we account only for energy costs doérajng the air conditioning,
without including installation or maintenance costsir conditioning units. Similarly,
we do not project energy prices into the future.

We chose a setpoint of 31 degrees C, which is hineshold below which indoor
productivity losses are assumed to be zero underst&ndards. Given that the energy
demand was estimated for a five month period (Magt&nber) and the economic
losses were estimated conservatively assumingihmgetcts in only two months of the
summer (taking account of summer holiday periods),assume the energy demand is
constant across the five month period and estirttegecosts for only two of these
months.

We calculate benefit/cost ratios for the five yedos baseline working hours and the
other seven working hour regimes. The ratio is glwv@ositive, and as expected
becomes very high in warm years in the future. FEg8+18 presents the benefit/cost
ratio for all working regimes for Antwerp.

As well as installation and maintenance costs, Wwhinay be substantial, air
conditioning may have a range of other costs thatlevneed to be included in any
comprehensive cost-benefit assessment. For exampless the electricity supply is
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decarbonised, the increase in energy demand waidl te increased carbon emissions,
creating a trade-off between climate adaptationdingate mitigation. When used on a
large scale, air conditioning can increase outdowban temperature, further

exacerbating the impact of heat stress and poligritsther increasing the costs of air
conditioning. Finally, it may be less viable for myacities in developing countries,

where access to electricity infrastructure is c@mseéd. Consequently, city policy

makers would need to consider these and other a@tsum® when using the

methodology.

Figure 3-18 Benefit/cost ratio of air conditioningntwerp
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3.3.6 Robustness: alternative productivity loss functions

As put forward in Section 3.2.1, the choice to baseproductivity losses solely on ISO

standards could be argued with. Accordingly, we tlse alternative standards to

account for productivity losses described in Sec8®.1. The losses are always larger
when using the alternative standards, implying 8® results can be considered
conservative estimates. Figure 3-19 presents tgetofor the three cities and for the
three standards, in a warm year in the far futaicepss all sectors of the economy.
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Figure 3-19 Losses with different heat stress shaaisl
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3.4 Discussion

One of the purposes of RAMSES is to find a simgtifapproach to what is a complex
subject, so as to achieve better science baseghtasiThe methodology in this section
presents a step towards achieving this goal. Hokvegewith any simplified analysis of
a complex subject, the consequences of which adespread and challenging to
guantify, our economic cost methodology has a nurobeaveats that should be taken
into account when interpreting any results.

First, our model assumes heat impact is indeperamoss time. This means that one
day of heat stress would have the same effecbiatien as it would after a serious of
similar days. This is due to our choice of the w$degal standards to proxy for
productivity losses. The actual productivity lossiedto heat stress could be
underestimated. In reality, productivity losses @beerved at much lower temperatures
due to the maladaptation of the workers to heasstr

Although the methodology currently only focussestlom loss of working hours due to
legal actions, the cost methodology is also suitedtudy the effects of productivity
loss due to physiological maladaptation to heasstrif the productivity loss functions
based on ISO-standards are replaced by similartiunsc based on complete
physiological surveys or comprehensive measuren@npsoductivities in real office
building. These fields are only at their infancwt linitial usable results are emerging
(Seppéanen, 2004).

We further assume for simplicity that productivitysses are independent across
individuals, while in reality several types of lalsare complementary, at the same time
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the outputs of certain industries are used as sipudthers. There have also been critics
to the use of WBGT as a heat stress index for iddal work situations, and other
alternatives have been proposed (Malchaire, 2000).

In the current framework we focus on direct, shertn impacts, and do not allow for
general equilibrium effects across the economy,foofactor optimization. In the long

run, when the levels of both labour and capital lsame-optimized, the economy might
respond to permanent increases of mean temperabyresdjusting the factors of

production. What the final effect of both heat s¢rand optimization would be in terms
of production levels and distributional effectsmfome is difficult to predict.

In terms of calibration, the study presents a fewtations. First, the CES production
function parameters were retrieved from differantges, based on different years and
sectors. We do not account for economic or poparagrowth. Given current trends for
urban development, our results are likely to beenestimated. Since we assume losses
occur only in two months in a year, we have a coraive estimation, as high
temperatures are likely to take place in severaithmwthroughout the year.

In terms of temperature forecasts, two main cavee¢s! to be taken into account. The
first is that only one prototype building has beeed in this report for estimating the
costs, and many assumptions have been made ineas$igndthis model building.
Thermal properties of buildings vary greatly basedhe year in which they were built
and the type of building use (e.g. warehouse, fgctffice). Further research should
examine heat transfers for different building cbsss

The second caveat concerns climate scenarios. Ugthdhe IPCC identifies four
Representative Concentration Pathways, we haveialgemputational reasons, only
used the strongest scenario (RCP8.5). We have narealy used climate output of a
single global climate model (GFDL-ESM2M). This mbdies been selected since it
yields the median temperature increase in the epnlgeaf the 11 GCMs that has been
studied in Lauwaeet al (2013). Ideally, the study should be extendedate into
account the entire ensemble of GCMs and other sicsna

In terms of assessing the gross benefits of imphtimg adaptation measures, we
compared averted losses for five different adamtatheasures: behaviour change, air
conditioning, mechanical ventilation, insulationdasolar blinds. While this is a wider
range of adaptation measures than examined in otlest studies of averted losses, it
inevitably does not cover the full range of potahtidaptation measures available in
cities. Examples of other heat adaptation measnchsde the reduction of internal heat
gains (de Wilde, 2010; Collins, 2010), technicaprovements in the performance of
cooling and ventilation devices (Sclafani, 201Q)d aelocation of buildings. Future
research should explore more of these adaptatitbongp

One of the objectives of the study was to developethodology that could be used to
assess not only the benefits of adaptation (medsagaverted losses), but also costs of
adaptation measures. In this report, we examinetieegy demand of air conditioning
as an example of analysing benefits and costsagtation measures. The results of the
energy demand analysis show that the economiceettodology is a relatively simple
method for examining benefits and costs.
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While it would have been interesting to factor indacompare the costs of other
adaptation measures, disaggregated data of sulfigieality were not available. This is

partly because data of sufficient quality were foaind in the academic literature and
partly due to the substantial delay in adaptatiast cdata as part of RAMSES

deliverable D1.3 following the departure of onetlo¢ partners from the consortium.
The aim is to generate new data on commercialliagtan costs of adaptation measures
as part of D1.3 which is now scheduled for complein 2016. Data will be generated
on the installation costs of heat adaptation messwsuch as air conditioning,

mechanical ventilation, solar blinds and insulatias well as flooding adaptation

measures such as green roofs and permeable paving.

Our results have further focused on the three foaak study cities of the RAMSES
project. Although there is a climatic differencetvioeen London and Antwerp on the
one hand, and Bilbao on the other hand, all threeschave a predominantly oceanic
climate (Cfb) according to the Kdppen classificatiGuture work on cities in different
climatic zones is likely to give rise to interestiresults.

The results have implications in terms of ineqyalitoth between and within cities. As
it stands, heat stress is more likely to affedesiin already poorer countries, with the
resulting production losses affecting these mastése cities as well. This is likely to

increase inequality between cities in different rtoes. Moreover, the results have
implications in terms of within city inequality. Brer individuals tend to provide non-

skilled labour, often in sectors that are more #eesto temperature stress (for
example, non-skilled labour in construction or mfacturing). Assuming the labour

market operates with only minor frictions, then wagare set based on worker
productivity. This implies heat stress could in tbeg term decrease labour income, in
particular where it already tends to be lower.

Finally, because we focus on the effect of heapmuductivity we exclude possible

benefits of increasing temperatures in certain oggcor countries. For example,
agricultural productivity might increase with tenn@ieire in cold countries, where also
industries such as tourism could benefit from higbenperature. We also focus on only
one channel. There might also be co-benefits ofptatian to other areas of the

economy that we do not account for in the presealyais. Particularly, in Section 4.2

we discuss direct health costs from heat stresgdudteg workplace heat stress would
have positive benefits for general health.

4 Other economic costs of heat in cities

Heat affects the urban economy through a varietghainnels. In addition to labour
productivity, heat stress has negative effects ealth, increasing mortality and
morbidity, and on urban infrastructures, namely onildings and transport
infrastructure. Based on the methodology develdprd, and on research in WP3 and
WP6, we focus on costs of heat through transpertugtion and health.
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4.1 Heat and transport disruption
4.1.1 Methods

With temperatures over 39 degrees, rails can buaktedeform, with consequences in
terms of damage repairs and delays to users (Aetesd, 2014). Using results from
Jenkinset al. (2012), along with the cost methodology descrire®ection 2.1.3, we
estimate how different heat scenarios impact Lorglarban economy througtielays

in the transport system, specifically, in the raibe and DLR.

We define labour in terms of total quantity supgliper sector, where transport
disruptions imply a decrease in time spent workikerordingly, heat stress affects the
amount of labourL() in each of the sectors in equation (1):

1
Yc,s,t = f(Lc,s,t: Kc,s,t) = As,c [Hs(aK,ch,s,t)ys +(1- 95)(aL,ch,s,t)ys] Vs

We define levels of labour in terms of person mesuand the delays are fed into the
production function. For consistency with the asalyin section 2 we use the model of
economic costs calibrated for the year 2005. Wkecbhverage annual working hours
for the United Kingdom from the OECD statistics6@0Q hours), which we use to
calculate the total minutes worked per personyea. We assume equal work on each
day of the week for simplicity. This gives us amrage of 4.6 hours per person per day.
We then use the calibration bffrom Section 2.2.1 to estimate the number of perso
minutes worked per year in each sector in London.

Jenkinset al. (2012) use the UKCP09 High Emissions scenarioetdopm 100 x 30
year runs for daily data for the 2040-2069 timdquerThese are binned into magnitude
order — from least severe to most severe heat ®+eanhd one heat event is selected at
random from each bin. This gives rise to 16 scesaranked by order of magnitude as
measured by the number of grid cells in the Greatgrdon area which exceed the
temperature threshold for a speed restriction tagmied (scenarios A-P, from least to
most severe). Using information from the curreanhsport configuration of rail, Tube,
and DLR networks and the 2001 Census about the eurb journeys they then
calculate the equivalent person-minute delay.

4.1.2 Results

We evaluate the impact of one day of transportugison on yearly GVA. The total
person-minute delays are fed into the CES produdtiaction for an entire year. The
total losses are presented in Figure 4-1 and vetwd®en zero and €13.6 million. These
are distributed between sectors as shown in Figt2e which presents the sectoral
breakdown of losses for the most severe scenario.
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Figure 4-1 Losses due to heat under different scesagA-P)

16

14

12 —

Losses in million €

2 11
|
0 B

A cC|D FIG|H| I|J|K|L|M N|O

E
mlosses 0 (041 0| 0| 2.2 3.6612.412.88/468.28 13.313.5/13.4{13.6

Notes: Losses in million € in absolute values. Sces A-P.
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Finally, we calculate the net present value ofdgssith a discount rate) (varying

between zero and 0.02 and a number of years wsdil éventrf) varying between 25
and 45. This is to account for the fact that thaetleent can occur in any year between
2040 and 2069, roughly between 25 and 45 years fimm Resulting total costs for the

most severe scenario (P) are between €5.6 millooni=f0.02 andn=45 and €10.6

million for i=0.01 anch=25. These are presented in Figure 4-3.
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Figure 4-3 Net present value of losses
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4.1.3 Discussion

In this section we apply the methodology introduce&ection 3 to quantify losses of
heat waves through a different channel: transpisrugtion. The transferability of the
method, with a minimum requirement of additionatagdas one of its most valuable
aspects, and key to the objectives of RAMSES.

Here again, due to the necessary simplificatiohgret are a number of caveats
associated with this analysis. The first and mdstiaus one is that this analysis
accounts for the short term impact only. Productsodynamic, with a shock to a year’s
production being likely to have effects in the ysarto follow. We made the strong
assumption that any increased commuting time wawnlddly an equivalent loss in

working hours, implying losses occur on the wayviark. Disruptions that take place
on other journeys would imply costs of losses iisuee time. If the economy is at
equilibrium, where wages are set to equal the maldgisure value, the total loss to the
economy in a static environment should be comparabl

Additionally, we do not explicitly account for trgeographical distribution of sectors
within a city. For example, some boroughs of Londasxt are more dependent on the
rail network might also concentrate highly produetactivities. We also do not account
for the possibility of autonomous adaptation takptace in the future. As a response to
current heat events, workers may find alternatometes, which may in some cases be
more efficient Finally, we focus only on one channel — transphistuption — and
within this only on delays to users of the tube,RDland rail network. The results
should thus be used with caution. They are mearntiustrate the use of the cost

% See Larconet al. (2015).
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methodology in the context of transport disrupticather than provide exact estimates
of losses.

In the context of an urban economy, these resulgitnmave additional implications in
terms of losses of agglomeration economies andecpently economies of scale.
Assuming an urban economy is in equilibrium, thieraction between agglomeration
economies, in the form of reduced transport c@std,economies of scale of production
within a city means that production will take plaatea centralized level if the costs of
transport are lower than the economies of scalesgaom production at larger scales
(Bruekner, 2011). When transport costs increasg tlight become high relative to the
strength of scale economies, and production magrbedispersed, with the associated
loss of economies of scale.

4.2 Heat and direct health costs

Within Work Package 6, a case study on health itspacheat under climate change
was conducted in the metropolitan area of Skopj¥R@EM), Macedonia. After
ascertaining the relationship between ambientrairraortality at baseline (years 1986-
2005), the evolution of the city population andaofibient temperatures was modelled
under a Representative Concentration Pathway soe(R€P8.5) in two future time
windows: 2026-2045 and 2081-2100. The projectedraamee annual mortality
attributable to heat was then calculated duringehiome windows.

4.2.1 Methods

In the absence of local studies in Macedonia, W&&dwas a reference the EU-wide
values from the background studies for the revisibthe EU air policy (Hollane@t al.,
2005 and Holland, 2014), extrapolated the valuea dftatistical life (VSL) through
“benefits transfer” (OECD, 2010):

B

Y,
VSLp' = VSL; (?”) (5)
S

Where VSLs is the original VSL estimate from thedst Ys and Yp are the income
levels in the study and policy context, respectivand 3 is the income elasticity of
VSL (in terms of willingness to pay for reducingetmortality risk). As for the value of

3, 1.0 was assumed for the general public as steghbyg Viscusi (2010). The resulting
VSL used for calculation was €571,604 (Low: €376;48igh: €766,744). Regarding
the averted mortality costs through adaptatiors iinclear exactly how effective heat-
health action plans are in preventing heat-relatexditality and morbidity. A recent

review on the matter (Toloetal., 2013a and Toloet al., 2013b) confirmed this point.

However, a relatively recent French study (Fouilkdt al, 2008) suggested an
effectiveness of about 68% in excess mortality @néion.
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4.2.2 Results

The resulting numbers of attributable deaths agsguted in Table 4-1. The “Minimal”
climate model is the MRI-CGCM3 model (Segt al, 2012), the “Median” climate
model is the GISS-E2-R model (Schmatal., 2014) and the “Maximal” climate model
is the IPSL-CM5A-MR model (Dufresret al, 2013) climate models.

Table 4-1 Mean,

10th percentile and 90th percentde the
distribution of attributable deaths per year in $j®

1986-2005 | 2026-2045 2081-2100

Climate Climate model Climate model

model*
Population | Median Median | Minimal| Maximal Median Minimal Maxirha
model
Exponential | 58 124 100 125 272 223 366

(36; 85) (84; 170) |(63; 143)|(80; 185)|(163;388) |(148; 301) |(232; 512)
Logistic 55 117 95 118 226 186 304
K= 700,000 |(34;81) (80;161) |(60; 135)|(75; 174)|(137; 321) |(123; 250) | (194; 422)

Notes: For the reference time lap 1986-2005, theetltlimate models overlap and correspond to the
observed scenario.

Table 4-2 presents the average annual projectethlitypicosts in Skopje (FYROM) in
million € of 2005 without adaptation during the &frames of 2026-2045 and 2081-
2100 and the avertible heat-related mortality ctistsugh health adaptation.

Table 4-2 Costs of mortality and averted lossesugh adaptation

Period Avg. annual cost heat-related Avertible cost through adaptation
mortality

2026-2045 70.87 (48.01 — 97.17) 48.19 (32.65 6°86.

2081-2100 154.90 (93.17 — 221.78) 105.33 (63.360-81)

Note: Median VSL value was used; Cl comes from epiglogical evaluation, with population projected
through an exponential model. Costs in million €.

4.2.3 Discussion

The analysis on the economic costs of heat wavesnsuized in this section and
developed in WP6 is complementary to that of Sectto Heat waves and high
temperatures impact the health of individuals #etk medical treatment, but also to a
lesser extent that of those that still perform rtherofessional activities. A
comprehensive estimate of the health costs of lzeagsvthrough the city economy
would require both cost methodologies to be intisgka The way in which the different
methodologies were develop implies that future aege could easily integrate the
direct health impacts of heat stress with proditgtiosses for a broader understanding
of health impacts of heat waves on the urban ecgnom

This analysis presents several limitations. Onphigsical impact side, the analysis: 1)
Did not consider possible variations of the heattality curve over time due to
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population acclimatization/mitigation/adaptation); @id not stratify by age due to the
difficulty in obtaining stable estimates of the tig@ortality relationship for population
subgroups; 3) Assumed independence of future ptpnlaize and climate conditions;
and 4) Used only one Representative ConcentratathwRy climate scenario. On the
economic modelling side, it did not include costiliess from morbidity health
outcomes. That analysis is planned for the casky stity.

5 Economic costs of flooding in cities

5.1 Pluvial flooding and transport disruption costs

The methodology described in Section 3.1 can bd tsestimate damage costs related
to other climate hazards. In Deliverable 5.1 wenit¢ vulnerable aspects of the
transportation network in relation to climate chantn addition to high temperatures,
the main climate hazards having a negative impactirban transport are storms and
flooding. Based on work from WP3, we focus on th#&er. As with the case of
transport disruptions due to heat waves (Sectid), dloods that affect the transport
system are assumed to have a negative impact @mtbent of labour supplied.

5.1.1 Methods

Flooding events are major threats affecting citidsey may take the form of coastal
flooding or they may take place inland, as a resutainfall (pluvial flooding) or due to
river overflows (fluvial). Due to the large amouwftsealed surface areas in the urban
landscape, more frequent and severe precipitattuses a larger incidence of flash
floods in cities (Floateet al. 2014). One of the main consequences of floodirgevis

a disruption to transport networks due to floodatl tracks, roads and underground
systems.

The same methodology described in Section 4.1.lbeansed to assess the damage to
the London economy resulting from a flooding evékie again define labour in terms
of total quantity supplied per sector, where tramsplisruptions imply a decrease in
time spent working. Thus floods affect the amourabour () in each of the sectors in
equation (1):

1
Yc,s,t = f(Lc,s,t: Kc,s,t) = As,c [Hs(aK,ch,s,t)ys +(1- 95)(aL,ch,s,t)ys] Vs

Analogous to Section 4.1., we define levels of latin terms of person minutes and the
delays are fed into the production function. We tise production function calibrated
for the year 2005 and calibrate annual working bag described in Section 4.1. We
use predicted delays estimated in WP3. WP3 uses&CET, along with the London
road network, to predict delays resulting from & dwour 100 year flooding event. It
uses two scenarios: one where the city is complgietmeable and one where it is
impermeable. The person-minute delays are calcllaseng the 2011 Census data on
daily journeys.

- 47 -



RAMSES Project (Grant Agreement n° 308497) D5.2

5.1.2 Results

The total person-minute delays from a one hour verone day of the year, are fed
into the CES production function for an entire ye@he resulting total losses are
estimated at €2.73 million even in the completadynpeable scenario, and €979 million
as a result of a one hour flooding event in onetrd days in the completely
impermeable scenario.

5.1.3 Discussion

The application in this section is useful to poytridne transferability of the cost
methodology introduced to different climate hazailsdefining the hazard in terms of
its effect in different inputs of the productiomfition across sectors, various hazards
can be studied using a comparable method.

In terms of the costs estimated, the same limitatiout in Section 4.1.3 apply here,
with particular emphasis on the geographical distion of transport disruptions. Some
boroughs of London that concentrate highly prodctctivities might be more prone

to flooding, and a geographically disaggregatedyaisawould be necessary to evaluate
the full effects of flooding on economy throughnsgort disruptions.

5.2 Sea flooding and city losses

Using a different methodology, Work Package 1, ngrmreDeliverable 1.2, estimates
damage functions for the three case studies féerdiiit levels of sea rise. It focuses on
direct damages to assets, based on estimated depitis and different classes of land
cover and land use. Additionally, the costs of detences are estimated for varying
heights. The work is described in Deliverable Ihél Boettleet al. (2016).

5.2.1 Methods

The damage estimation is based on a GEV approdldwiing the formula for the
expected annual damage (EAD):

EAD =[5 ¢ jovel PCG 0, DD(X)dx (5)

Where p(x&, o, n) denotes the GEV probability density function @) the damage
function of the considered case study. The avearmtual damage is the difference
between the current EAD and the EAD with a presgpddProtection level”.

All calculations are based on current environmeosalditions. Information on extreme
sea levels was obtained from the Joint Researchre€&iRC). The JRC provided the
sea levels for the return periods 5, 10, 20, 50, 200, and 500 years. From these they
estimated the parameters of the corresponding @Gksedt Extreme Value (GEV)
distribution. The following sets of parameters haeen deduced:
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Antwerp/Brussels: & =-0.1308 (shapeg, = 0.4365 (scaley = 5.0492 (location)

London: & =-0.1386 (shapey, = 0.1997 (scale)y = 5.2583 (location)
Bilbao: & =-0.1754 (shapegy = 0.0778 (scaley = 3.2840 (location)

The functions are then combined with land coveadahich is translated into different
categories of land use (Huizinga, 2007).

Current protection levels are set out in Table SFhese values are obtained from
Jorisson et al. (2001) and Wood et al. (2005).

Table 5-1 Current protection levels in the threseatudy cities

Antwerp/Brussels London Bilbao
Current protection level (return period) [yr] 1000 1000 100
Current protection level [m] 7.03 6.15 3.52

5.2.2 Results

Figure 5-1 presents estimated averted annual Idssessea level rise from different of
increased protection heights. All calculations #&@sed on current environmental
conditions. Any increase above 8 meters does wotaise averted losses because, under
current environmental conditions, there is no nesicdamage with a protection of 8
meters in either of the three cities.

Figure 5-1 Averted damage for different protectievels

L 100.00

S 90.00 7

g 80.00 7/

S 70.00 7/

° 60.00 7

S 50.00 7

= 40.00 7/

© 30.00 7/

3 20.00 i

< 10.00 Y/

Z 0.00

55m 6m 6.5m 7m 7.5 8 8.5
Antwerp/Brussels 0.00 0.00 0.00 0.00 62.81 65.25 65.26
—Bilbao 19.30 19.30 19.30 19.30 19.30 19.30 19.30
| ondon 0.00 0.00 87.95 87.96 87.96 87.96 87.96
Protection levels (meters)

Finally, they estimate construction costs for d#f# levels of protection. The
construction costs for the reinforcement of thestéxg measures are based on unit costs
obtained from Jonkmaat al. (2013), where the costs per kilometre length amdren
height is given to lie between €0.8 and €12.4 omilljon non-urban area) and €15.5 and
€22.4 million (on urban area). The values have bmdjnsted to 2014 values by the
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country factors of 1.0977 (Belgium), 1.1398 (UKnda0.9212 (Spain). Details on the
factors can be found in RAMSES deliverable 1.2. @aevation of the required course
of the protection measures can be also found in BEB! deliverable 1.2. The high and
low estimation of costs for each case study cigypesented in Figure 5-2.

Figure 5-2 Costs of protection for different height

40,000 €
35,000 € //
30,000 € /
& 25000 €+ cccees Antwerp/Brussels
e / Antwerp/Brussels
£ 20,000 €
8 / London
10000 €+——— Lot seeees Bilbao
/ ........ Bilbao
5000€+——————————————————— —
......... '/
0€ e e
35 4 45 5 55 6 65 7 75 8 85 9 95 10
Implementing protection hight (meters)

5.2.3 Discussion

Unlike the analyses in the previous sections, $kigion focuses on direct damages to
physical assets. The impact of sea level rise @uymtive activity can take place
through several channels, such as transport disngtdecreases in investment, or
destruction of capital. The results of the presamlysis could be integrated into the
cost methodology of Section 2 by focusing on th&trdetion of productive capital.

Under the current formulation, costs of sea lewa#d are likely to be under-estimated,
given that they are based on current environmewatadiitions. Further discussion of the
limitations of the results are presented in Debide 1.2 (Part Il, section 8.3).

6 Data for the RAMSES common platform

6.1 RAMSES common platform and European Clearinghouse

In order to increase transparency and provide nmeeliled data for research and policy
making, all the results of the present study hagenbuploaded into the RAMSES
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common platform “The Climate Impacts: Global andgiReal Adaptation Support
Plattorm — RAMSES City Module” (www.pik-potsdam.e@/robel/ramses/). The
platform will later be integrated into ClimateAdaptthe European Clearinghouse
(http://climate-adapt.eea.europa.eu/).

Through this platform the RAMSES project resulte anade publicly available for
scientists in different fields and different levals expertise as well as for interested
laymen who want to know more about advancementitin science. The platform
includes data relating to each case study cityhefgdroject, and is regularly updated to
include new findings.

6.2 Cost and economic data

The data uploaded on economic costs includes ghdtseof the heat and productivity
study, as well as those of the same cost methoddpglied to heat and transport
disruptions (Section 4.1) and flooding and transplisruptions (Section 5.1). It also
includes additional cost results from other RAMS®&Srk packages, namely health
costs of heat (Section 4.2) and direct costs tetadsom sea level rise (Section5.2).
Table 6-1 summarizes the costs datasets included.

Table 6-1 Cost datasets included in the Commorfd?tat

Datasets Dataset 1 Dataset 2 Dataset 3 Dataset 4 tddet 5
Threat Heat Heat Heat Pluvial flooding Sea flooding
Channel Productivity Transpont Health Transport Direct asset
(mortality) costs
City Antwerp, Bilbao, | London Skopje London Antwerp,
London Bilbao,
London
Time 2005; 2026-2045] Present : 2026-2045] Present Present
2081-2100 2081-2100
Adaptation | Behavioural - Health Full Sea
change; increased adaptation permeability protection
ventilation; solar
blinds; insulation;
air conditioning;
nightly
ventilation;
increased setpoint

7 Conclusions and implications for future work

One of the overarching goals of the RAMSES projedb provide quantified evidence
of costs of climate change in urban areas. In @der, it aims to develop transferable
methodologies that can be used by researchersypuolkkers, and other stakeholders,
to assess these costs and compare them across Agig@art of this goal, we provide
here in this report an economic cost methodologwydsess the impacts of specific
climate change hazards through different channklgriman productive activity. The
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methodology is of an intermediate level of compigxnd is transferable across cities
in Europe as well as for cities in developing aegteloped countries internationally.

Our economic cost methodology not only providesveses of production costs from
increasing temperatures or extreme heat and flgodirents, but also highlights the
vulnerability of different economic sectors and tlkey mechanisms affecting
production losses. This is important for identifyithe most effective climate change
adaptation strategies or economic recovery plansgecific cities, and also provides
the beginnings of a framework for understandingnetability at the European and
global levels through the lens of city economic duction. The methodology is
moreover relatively transferable to different urb@mtexts with minimal requirement
of economic data.

The methodology brings together the work of severalk packages (WP1, 2, 3, 4, 5
and 6) and provides a useful starting point fothferr work in the direction of an overall
framework for assessing urban costs of climate ghahhe results of the economic cost
methodology presented here directly feed into RrtRAMSES work. In particularly,
the methodology can be integrated into the overalit assessment framework of
Deliverable 5.4 — the ultimate goal of Work Package

A novel aspect of the economic cost methodologyeliged in this report is its scope
to analyse the factors of production at the cityele Loss functions are attributed to
sectors of the metropolitan economy according tragye work load of workers in each
respective sector. We also define constant elgst€isubstitution production functions
for each sector that specifically encompass thedumtivity loss functions. The
production functions are calibrated with economatadand aggregated at the city level
according to specific weights given to each sectbiis approach allows us to assess
various characteristics of urban production, ingigdthe flexibility of the productive
system in terms of the degree of substitutabilgyween labour and capital, its labour
intensity, and the relative importance of differsattors in the economy.

While the methodology developed in this reportng of the first transferable methods
focusing on production losses across sectors otitigeeconomy, its application will
depend on the quality of data available for inpus, well as the assumptions
underpinning each step of the modelling and estomagtrocess. Further research will
be required to address a number of caveats in #tbadology before it can be used as
a city-level tool. However, even with the limitat® of the data available for our
analysis, broad conclusions on the importance efbthucture of a city’'s economy on its
vulnerability to costs and the potential for adéptacan be drawn.

One area where data are particularly scarce atitiidevel is in terms of adaptation
costs. One of the advantages of the economic ceftadology set out in this report is
its capability for estimating averted losses (gr@skaptation benefits) for direct
comparison with benchmarked damage costs withowaptation. We show that
comparable averted losses can be estimated forge i@ adaptation measures such as
behaviour change, air conditioning, mechanical legidn, insulation and solar blinds.

The methodology is also promising for integrating tosts of adaptation measures. In
this report, we examine the energy demand of anditimning as an example of
analysing benefits and costs of adaptation measudsle it would have been
interesting to factor in and compare the costs dfe adaptation measures,
disaggregated data of sufficient quality were nailable. This is partly due to the
substantial delay in adaptation cost data providgdRAMSES deliverable D1.3
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following the departure of one of the partners frtime consortium. The aim is to
generate new data on commercial installation cok@daptation measures as part of
D1.3 which is now scheduled for completion in 20D&ta will be generated on the
installation costs of heat adaptation measures sgclair conditioning, mechanical
ventilation, solar blinds and insulation, as wallfleboding adaptation measures such as
green roofs and permeable paving.

Looking forwards, the findings of the this repoiitlwe fed into the over-arching cost
assessment framework to be developed in Task Sl8la@vered in D5.4. Furthermore,
the work in WP1 and WP3 will be used to explore tin@nsferability of the
methodology to other adaptation measures (sucHoasliig adaptation), while the
potential for integrating direct health costs ofah&vaves in WP6 with the indirect
productivity costs discussed in this report willdiscussed in D5.4.

Overall, the economic cost methodology appears novige a strong basis for
developing a transferable assessment framework aittermediate level of complexity
that can link top down and bottom up data and aggires. The RAMSES partners will
therefore explore potential applications for thahmeology further.
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