A Cost-Benefit Analysis of Implementing Urban Heat Island Adaptation
Measures in Small and Medium-Sized Cities in Austria

Abstract

Urban heat islands are an increasing concern even in small- to medium-sized cities, although
these areas are still understudied especially in terms of the economic feasibility of adaptation options.
This paper uses adaptation scenarios produced by an urban climate model as inputs to a social cost-
benefit analysis in three small- to medium-sized cities in Austria: Mddling, Klagenfurt and Salzburg.
The adaptation scenarios, which consider measures such as increasing the reflectivity of different
sealed surfaces (referred to as the White City scenario) as well as greening measures (i.e., the Green
City scenario), show decreases in the number of hot days (Tmax > 30°C) when implemented. Benefits
include reductions in heat-related mortality, which are modeled based on trends of daily mortality
and climate data, reduced morbidity, productivity loss and numerous urban ecosystem services. The
results demonstrate favorable benefit-cost ratios of a combination of measures (White and Green
City) of 1.27, 1.36 and 2.68 for Mddling, Klagenfurt and Salzburg, respectively, indicating positive
economic grounds for supporting policies in line with the adaptation scenarios. Furthermore, results
of the Green City vs White City showed higher benefits for the combined and Green City scenarios
despite higher costs for each of the cities.
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1. Introduction

Cities are affected by a phenomenon known as the urban heat island effect (UHI) in which
temperatures are higher than the surrounding rural areas (Oke, 1973). This is the result of higher
amounts of impervious surfaces, a lack of vegetation in urban areas as well as the presence of
concentrated urban structures (Oke, 1982). Thus, heat waves in cities are more extreme than in rural
areas, and in the past, they have contributed to loss of life. During the heat wave in 2003, for example,
more than 30,000 people in Europe are estimated to have died due to heat (UNEP, 2004). Future
climate scenarios indicate higher frequency and duration of heat waves over the next century, which
will further increase health risks (Revi et al., 2014) and mortality (Gasparrini et al., 2017). For
example, by 2071 to 2100 in Europe, it is predicted that more than 150,000 people will die annually
due to increased heat (Forzieri et al., 2017). Other negative effects of the UHI include increasing air
pollution and the general reduction in the thermal comfort of urban dwellers (Harlan and Ruddell,
2011).

Although the UHI effect has been studied in different ways, urban climate modelling allows
adaptation scenarios to be simulated with respect to their effect in decreasing the number of tropical
nights (Tmin > 20 °C), summer days (Tmax > 25 °C), and hot days (Tmax > 30 °C), which are indicators
for the urban heat loads. Several large cities have already been simulated using urban climate models,
e.g., Toulouse, France (Hidalgo et al., 2008) and Singapore (Mughal et al., 2019) but there is a lack
of studies that have applied urban climate models to small and medium-sized cities, which are also
at risk of impacts from the UHI. This remains a largely understudied research area, not only with
respect to UHI research (Oswald et al., 2020) but also in terms of green infrastructure planning and
ecosystem services (Shackleton et al., 2018).

As both urbanization and the effects of the UHI will continue to increase over the next century,
urban planners need guidance on which adaptation measures to implement. A cost-benefit analysis
(CBA) can provide one instrument for comparing the economic viability of a range of adaptation
scenarios. Different adaptation measures can be valued based on information in the literature or from
companies selling different adaptation solutions. The benefits, in contrast, are more difficult to
quantify as they include reductions in mortality and morbidity, savings as a result of increased
productivity associated with lower numbers of hot days, and numerous urban ecosystem services
(Bolund and Hunhammer, 1999). Although green roofs can reduce the UHI effect through increased
cooling (Zhang et al., 2019), they can also decrease energy consumption through provision of
insulation, prevent runoff from entering the sewer system, and increase house prices since they are
aesthetically pleasing (Bianchini and Hewage, 2012). There have been examples of monetary
evaluation of these types of benefits appearing in the literature (see e.g., Dehnhardt, 2014), but CBAs
of UHI adaptation scenarios are still rare. An exception is the recent study by Johnson and Geisendorf
(2019), who evaluated the financial viability of sustainable urban drainage systems (SUDS) for a
neighborhood in Berlin.

To fill the gap in this area, the aim of this paper is to undertake a cost benefit analysis of
adaptation scenarios produced using an urban climate model applied to smaller cities in Austria, i.e.,
Mdodling, Klagenfurt and Salzburg, with populations of around 20,000, 100,000 and 150,000,
respectively. The methodology applied here draws upon the work of Johnson and Geisendorf (2019)
but scales this upward from a neighborhood to a city level. Costs are calculated for each scenario and



compared with monetary valuations of a range of benefits including reductions in heat-related
mortality, morbidity, and productivity loss, along with an extensive set of urban ecosystem service
benefits to calculate the net present value, the benefit-cost ratio, and the benefit and cost efficiencies.

2. Methods

Figure 1 provides a conceptual framework for the implementation of the social CBA. Each of these
five components is described in more detail below.
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Figure 1. Conceptual framework for the steps in the social CBA.

2.1. Inputs to the valuation process

Daily all-cause mortality counts for 2003-2017 and population data from 2017 on a 250 m x
250 m raster for all three cities were provided by Statistik Austria. Reference climate data, i.e.,
maximum daily temperature, mean daily temperature, precipitation, sunshine duration and air
pressure at the local weather stations of Modling (Gumpoldkirchen, 48°02°, 16°16°, 219 m.a.m.s.l.),
Klagenfurt (Klagenfurt-Airport, 46°39’, 14°20°, 447 m.a.m.s.l.) and Salzburg (Salzburg-Airport,
47°47°,13°1’, 430 m.a.m.s.l.), were provided by the Zentralanstalt fir Meterologie und Geodynamik
(ZAMG). The urban climate model MUKLIMO _3, developed by the German Meteorological Service
(Sievers, 1995), and the cuboid method approach (Friih et al., 2011) provided inputs to the CBA in



the form of decreases in the number of hot days (Tmax > 30 °C)* when different adaptation measures
are implemented. There are three main types of scenarios: (i) the Green City, which includes the
addition of green roofs, trees, low vegetation, and the unsealing of impervious surfaces?; (ii) the
White City, which considers measures such as increasing the reflectivity (or albedo) of all roofs,
building facades, and streets in land use classes with main urban building areas (i.e., land use classes
1-7 of the Urban Atlas; and (ii) the combined scenario of Green and White City measures. These
scenarios are implemented in the urban climate model either by changing the model parameters in
those locations that contain buildings and streets or by changing the proportions of land use to include
greener surfaces. More details can be found in (Oswald et al., 2020)3. The size of the areas affected
by the implementation of individual adaptation measures for each city are shown in Table 1.

Table 1. Size of areas affected (m?) by implementation of the adaptation scenarios in each city.

Madling Klagenfurt Salzburg
High albedo roofs 2,283,835 7,219,888 10,292,202
White City ~ High albedo walls 2,552,780 11,431,396 12,187,675
High albedo pavement 1,474,701 12,000,959 14,179,096
Green roofs 557,591 2,087,032 2,733,091
Unsealing 413,131 3,553,229 3,993,866
Green City
Trees 920,926 688,174 1,018,387
Low vegetation 103,574 2,629,576 1,815,184

Quantitative data from the literature were also used to inform reduced morbidity, decreased
productivity loss and the valuation of urban ecosystem services obtained through green measures, as
described in the following.

2.2. Heat risk modeling

We employed a distributed lag nonlinear model (Gasparrinia et al., 2010) to estimate the
temperature-mortality relationship while accounting for lagged effects and nonlinearity. By

! The inputs were available as 20 m x 20 m rasters for Modling and 100 m x 100 m rasters for
Klagenfurt and Salzburg, and all maps were aggregated to 250 m x 250 m to align with the mortality
and population data.

2 We assumed an increase to 50% of roofs (excluding land use classes with old roofs) to be
greened, a 50% increase in the number of trees, and a reduction of sealed surfaces by 30% to low
vegetation (excluding industry and military land use classes).

% For the current analysis, aggregation to a 250 m x 250 m resolution from the original
resolutions implemented in the urban climate model as exemplified in (Oswald et al., 2020) was
performed to align with the resolution of the mortality and population data.



incorporating lagged effects and the nonlinearity of the exposure-response function, we can capture
the increases in risk of mortality due to temperature. Although the model does not consider heat
waves, the main effects of temperature are captured within the model, and additional effects of heat
waves only bring about marginal changes in the risk (Gasparrini and Armstrong, 2011). The quasi-
Poisson regression model (1) defines a cross-basis function [CB(Temp,)] for lagged responses to
temperature with a quadratic B-spline. We chose two internal knots of temperature with 4 degrees of
freedom for the natural cubic spline to account for lagged days, with a maximum lag of 14 days as
follows:
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where we controlled for sunshine duration (SunDur;) on day t, air pressure (Airpress;), days of the
week (DOW,), and seasonality and long-term trends by including a natural spline of time
[NS(Time,, 8 df /year)]. We included Site, as a dummy variable to include all cities into one
model with dummy coding. The results of the model associating all-cause mortality and temperature
as the risk accumulated over the lag period is displayed in Figure 1. We obtained empirical estimates
of confidence of the exposure-response function through Monte Carlo simulations, taking random
samples of the original parameters of the cross-basis. In Figure 1, the grey shaded region corresponds
to 95% confidence intervals.
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Figure 2. Overall cumulative exposure-response function with confidence intervals as
the grey shaded region.

2.3. Heat reduction-related benefits



The number of attributable deaths due to hot days is calculated according to Gasparrini and
Leone (2014) using the forward perspective. The minimum mortality temperature corresponding to
the minimum mortality over the study period was used to calculate the cumulative relative risk
centered at 30°C. In a spatially explicit approach, we quantified the reduced heat-related mortality
counts (D;..q ) over the areas of the cities individually as follows:
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where AF is the attributable fraction of deaths due to heat, T D is the total deaths over the time period
in a city, and Y is the total number of years in the time period. To obtain a heat-related mortality rate,
we divided by the total average population of each city over the years (Pop;,;). To estimate the total
average annual reduced heat-related mortality, we employed the population raster and the scenarios
from the urban climate model, which provided the current average annual number of hot days
(HDgyg,) and the reduced number of hot days (HD,.q.) in each cell (c) given the adaptation

measures implemented. Given the population in 2017 of each cell (Pop.), we used this spatially-
explicit approach to address exposure to heat risk and summed over the total number of cells (n) to
find the total average annual reduced heat-related mortality*, propagating this reduction for a 50-year
time horizon. As an example, Figure S1 in the Supplementary Material displays the raster plots of the
spatial variables used in equation (2) for the district of Mddling. To estimate the societal value of
reducing mortality risk, we adopted the value of a statistical life (VSL) approach (European
Commission, 2014), which is the value that society places on avoiding an increased mortality risk.
We valued the reduction of mortality risk using the estimate of VVSL for Austria from Viscusi and
Masterman (2017) at 8,157,000 € and refrained from discounting future years on the grounds that
society does not value future lives saved any differently than lives saved today in short and medium
terms (Frederick, 2003; Robinson et al., 2019).

With this methodology, we did not employ different exposure-response functions for different
age groups as has been done in other studies (e.g., Karlsson and Ziebarth, 2018). This is because we
did not find statistically significant differences between the relative risks of the population with >65
years of age and the general population and, therefore, applied the same exposure-response function
for the whole population in each city.

Due to a lack of hospitalization data at the city level, we adopted a linear approach to estimating
reduced morbidity with the aforementioned combination of adaptation measures. We assumed 102
patient days are expected for every heat-related death (Donaldson et al., 2001; Hunt et al., 2017). We
obtained the average daily cost of hospital stays for each of the states in which the cities are located

4 Since the domains of the rasters from the urban climate model included areas outside each of
the city limits, the exposed population included in the reduced heat-related mortality valuation
included population sizes of approximately 60,000, 220,000 and 330,000 for Mddling, Klagenfurt
and Salzburg, respectively.



and averaged these over the years from 2008-2017, for which data were available. Given that patients
are forced to spend their time outside of typical activities, we valued a reduced loss of time, valuing
the quality of life year (100,000 €) at 75% (Karlsson and Ziebarth, 2018).

To value productivity losses associated with the reduced number of hot days, we assumed an
average reduced worker productivity of 7% on a hot day (Vohringer et al., 2017) given that
productivity losses of 3% can be measured at temperatures of 26°C and productivity losses of 12%
at 36°C (Bux, 2006). Although this approach does not consider the duration or intensity of exceedance
of the temperature threshold, we believe this average estimate may underestimate the degree of
productivity loss as the lower temperature range is not considered in our study (i.e., 26-30°C). This
estimate furthermore assumes an even distribution of economic activity for each day and that all
workers are affected equivalently regardless of sector or availability of air conditioning.

We estimated the equivalent annual loss in gross regional product (GRP,,,s) similar to Hibler
et al. (2007) but scaling down to the city level using a per capita weighted approach as follows:
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where HD is the average number of hot days reduced per year, GRP is the current per capita gross
regional product (i.e., of 2016), p is the average productivity loss on hot days (7%), w is the wage in
2016 (i.e., 69%) and Pop is the population of the city in 2016.

2.4. Valuation of urban ecosystem services

Green measures including green roofs, trees, low vegetation and unsealing provide numerous
additional benefits beyond those of white measures. The benefits were quantified as urban ecosystem
services (Bolund and Hunhammer, 1999) using the methodology outlined in Johnson and Geisendorf
(2019).

With the unsealing of surfaces, less stormwater runoff is generated that would otherwise be
conveyed to treatment plants. Using the meteorological data from 2003-2017, we took the average
precipitation over the years to be 660, 989 and 1151 mm/yr for Médling, Klagenfurt and Salzburg,
respectively. As a regulating ecosystem service, we valued the runoff reduction according to the
current sewer system use charge on sealed surface areas at 2.40 €/m? in Mddling and 2.20 €/m? in
Klagenfurt and Salzburg, assuming a 50% reduction for green roofs and a 100% reduction for
unsealing surfaces by converting to low vegetation (Prokop et al., 2011).

Heating and cooling savings are two benefits arising from green roof implementations in the
form of regulating ecosystem services. Green roofs provide additional insulation compared to
conventional roofs (Berardi et al., 2015). By comparing the difference in thermal conductivity
between green (R;z) and conventional (R.,,,) roofs (Clark et al., 2008) as well as the heating
(HDD;5-c) and cooling degree days (CDD,g 5-c) (i.e., measures of the heating and cooling loads given
threshold temperatures and reference climate data), we estimated the heating (Hg,,,) and cooling
savings (Csqp) In (4) and (5):
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For the monetary valuation, we multiplied the savings by the average price of natural gas for
heating of 0.068 € per kilowatt hour (kWh) and the average price of electricity for cooling of 0.196
€/kWh from 2017 (Bundesministerium fur Nachhaltigkeit und Tourismus, 2018). Furthermore, we
valued the externalities of heating (i.e., additional damage due to carbon dioxide (CO-)) and pollution
emissions at 0.05 €/kwWh (Matthey and Biinger, 2019).

Greening building surfaces reduce material decay due to weathering (Kosareo and Ries, 2007)
as a supporting ecosystem service. On average, conventional roofs either need replacement or
largescale maintenance after 25 years (MacMullan et al., 2008; Perini and Rosasco, 2016). Since
green roofs extend lifetimes to 50 years on average (Clark et al., 2008) and have even lasted up to 90
years in Berlin, for example (Porsche and Kohler, 2003), we used a cost savings of 62 €/m? for major
replacements and sealing repairs (Hammerle, 2010) at the 25" year as a monetary valuation of this
supporting ecosystem service. However, this is a conservative estimate compared to other studies
investigating the economic feasibility of green roofs (e.g., Bianchini and Hewage, 2012; Perini and
Rosasco, 2016).

For the cultural ecosystem service of aesthetic improvements, we valued increases in the
property values of buildings with green roofs. Although a study in New York identified an increase
of 16% in rental rates for buildings with green roofs (Ichihara and Cohen, 2011), most studies
estimate property value increases in the range of 2-5% (e.g., Bianchini and Hewage, 2012; Perini and
Rosasco, 2016). We assumed a conservative 3% increase in the average value of property of various
sizes. The average property values from 2016-2018 were 4019, 2423 and 5216 €/m? for Mdadling,
Klagenfurt and Salzburg, respectively (PWIB Wohnungs-Infobérse GmbH, 2019).

The creation of additional habitats, pollution reduction, and CO. storage and sequestration
comprise the remainder of ecosystem services as societal benefits of green measures. Green roofs
provide more natural spaces for organisms as habitats or stopover places (Currie and Bass, 2010),
positively contributing to biodiversity as a supporting ecosystem service. We valued this increased
provision by taking the cost of restoring land (MacMullan et al., 2008) while scaling down to 15% to
attribute the lower quality of a green roof compared to restored land (Bianchini and Hewage, 2012).

Both trees and green roofs contribute to the reduction of urban air pollutants such as nitrous
oxide (NO-), ozone (Os), sulfur dioxide (SO2) and particulate matter (PM) (Yang et al., 2008), and
the storage and sequestration of CO, (Nowak and Crane, 2002; Perini and Rosasco, 2013), both of
which are regulating ecosystem services. Table 2 displays the removal and sequestration rates as well
as the unit values for the monetary valuation used in this study. Furthermore, we assumed a carbon



(C) storage rate by trees of 7.57 kg C/m? (Strohbach and Haase, 2012). We adopted the monetary unit
values as reduced damages to society for each of the pollutants and used values for CO, from the
German Federal Environment Agency (Matthey and Buinger, 2019).

Table 2. Removal and sequestration rates by trees and green roofs and unit values of air
pollutants and CO..

Removal rates (g/m?-yr) Unit values (€/ton)
Trees Green roofs

NO; 3.1 2.23 17,930
Os 4.1 4.42 2,050
SO, 0.4 0.595 15,040
PM1o 4.0 1.19 41,200
PM2s 0.6 58,400
CO- (sequestered) 200 165 180

2.5. Cost-benefit model

We adopted unit cost estimates for each of the measures from a combination of literature
sources and from expert interviews with local planning authorities in Vienna, Austria (Table 3). For
the cost estimates of high albedo measures originating from Bretz et al. (1998), we converted the
costs to euros and updated to 2018 values. The costs represent the average costs of a range of high
albedo materials to bring about equivalent albedo coefficients as those assumed in the urban climate
model. We assume a replacement of the high albedo roofs at the 25" year and therefore included the
installation cost discounted to this year. We assume no additional maintenance costs beyond those
that would be incurred regardless of the adaptation scenario for high albedo measures and unsealing.
For low vegetation, we used the low estimate of the installation costs and maintenance costs for urban
parks from Loibl et al. (2015).



Table 3. Unit costs of high albedo and green measures assumed for all cities.

Installation Maintenance  Source
(€/m?) (€/m2-yr)

High albedo roofs 57.23 0 Bretzetal. (1998)

High albedo walls 21.5 0 Bretzetal. (1998)

High albedo pavement 57.67 0 Bretzetal. (1998)

Green roofs 57.00 4 Strehl and Offermann (2017)
Unsealing 20 0 Prokopetal. (2011)

Trees 76.92 0.77 Expert interviews

Low vegetation 56.94 3.75 Loibl etal. (2015)

The calculated cost-benefit indices include the net present value (NPV), benefit-cost ratio
(BCR), benefit efficiency and cost efficiency. The NPV in (6) is the present value of the benefits (B;)
over the years (t) subtracted from the present value of all costs (C;), whereas the BCR in (7) is the
present value of all benefits divided by the present value of all costs.
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An NPV above 0 and BCR above 1 indicates grounds for economic approval of a project,
whereas benefit and cost efficiencies allow for comparisons of scenarios in terms of ratios of benefits
and costs, respectively, to the overall aim of the project, which is the reduction in the number of hot
days. We adopted a social discount rate (r) of 4.1% (Palinké and Szab6, 2012) and conducted the
analysis over a time horizon of 50 years.

As high uncertainties in cost-benefit model parameters can lead to highly different outcomes in
the NPV, it is important to conduct sensitivity analyses of the model parameters (European
Commission, 2014). Hence, a sensitivity analysis was performed using a Monte Carlo simulation in
which repeated samples from assumed distributions of parameters are taken to obtain the probability
distributions of the cost-benefit indices.

We varied parameters for which realistic variations could lead to significant variation in the
NPV. For example, Johnson and Geisendorf (2019) demonstrated high sensitivity in the cost-benefit
model parameters including installation and maintenance costs and property value increases for
SUDS with similar implemented measures. Therefore, we performed the Monte Carlo simulation
with variations in the parameters corresponding to Table 4. These variations were derived from the



literature and relevant expert interviews, which resulted in the cost estimations in Table 3, and from
relevant literature sources for the habitat creation (Bianchini and Hewage, 2012) and property value
increases (Bianchini and Hewage, 2012; Perini and Rosasco, 2016). Furthermore, we simulated
changes in the temperature-mortality relationship in a uniform distribution according to the
empirically estimated confidence intervals. Lastly, we allowed variations in the precipitation as
normal distributions in each city according to city-specific means and standard deviations.

Table 4. Simulated variations in parameters of the cost-benefit model in
the Monte Carlo analysis with N(mean, standard deviation) as a normal
distribution and U(minimum, maximum) as a uniform distribution of

parameters.

Distribution and parameters  Units
High albedo roofs installation ~ U(45.95, 71.64) €/m?
High albedo walls installation ~ U(16, 27) €/m?
Green roof installation N(57.00, 88.41) €/m?
Green roof maintenance N(4.00, 0.64) £/m?
Tree installation N(1100, 400) €/m?
Habitat creation benefit U(0,30) %
Property value increase U(2, 5) %
Discount rate U(2.1, 6.1) %

3. Results

For the combined scenario for each city, the installation and total maintenance costs to be
incurred over the 50 years are presented in Table 5. Maintenance costs are discounted to the year to
be incurred to calculate the present value of all costs. For each specific measure, the total costs are
estimated by extrapolation from the dimensioning and the unit costs. Installation costs for high albedo
roofs include the replacement discounted at the 25" year.
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Table 5. Present value of Installation (I) and annual maintenance (M) costs for each of the cities.

Mddling Klagenfurt Salzburg

I (€) M (€lyr) I (€) M (€lyr) I (€) M (€lyr)
High albedo 178,555,445 0 564,467,333 0 804,667,947 0
roofs
High albedo 54,884,768 0 245,775,006 0 262,035,010 0
walls
High albedo 85,047,822 0 692,110,295 0 817,726,219 0
pavement
Green roofs 31,782,667 47,103,587 118,960,814 176,306,192 155,786,192 230,883,341
Unsealing 8,262,626 0 71,064,588 0 79,877,310 0
Trees 7,792,454 14,960,980 5,823,015 11,179,792 8,617,118 16,544,280
Low vegetation 5,897,514 8,202,784 149,728,070 208,255,046 103,356,572 143,757,464

Table 6 displays the result of the valuations for each of the three cities as present values over
the 50-year time horizon. Heat-related benefits include the reduced mortality, morbidity, reduced
time spent in the hospital, and productivity loss as a result of the adaptation measures.

Salzburg achieved the highest provision of social benefits for the combined adaptation scenario,
more than twice that of Klagenfurt. The total value of benefits for Modling was the lowest of the
three cities, which reflects the smaller area and level of implementation of measures for the district.
Of all the social benefits valued, the reduction in heat-related mortality represents the largest benefit
to society, demonstrating the high societal value in reducing high temperatures. Of the ecosystem
services, Madling demonstrated the highest ratio of green benefits to total benefits with 26%.
Klagenfurt and Salzburg were slightly lower in green benefit ratios at 15% and 12%, respectively.

Table 6. Present value of heat-related benefits and urban ecosystem services (€)
discounted at 4.1% over 50 years for the three cities.

Mddling Klagenfurt Salzburg
Reduced mortality 398,469,450  2,546,207,550  6,108,369,450
Reduced morbidity 1,429,348 8,463,836 22,225,418
Reduced time spent in hospital 432,456 2,763,379 6,629,365
Reduced productivity loss 15,299,787 24,003,410 50,258,585
Runoff reduction 16,236,729 129,588,570 179,872,651
Roof longevity increase 12,660,152 47,386,270 62,055,111
Cooling savings 3,990,039 9,759,015 7,363,047
Heat savings 14,215,984 61,279,446 76,583,383
Externalities of heat savings 10,181,153 43,886,897 54,847,217
Property value increase 64,573,747 145,717,993 410,821,309
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Habitat creation 5,459,722 20,435,446 26,761,420

Pollution removal 7,352,431 5,494,202 8,130,529
CO; reduction 9,909,831 7,405,254 10,958,575
Totals 560,210,830  3,052,391,267  7,024,876,060

In all cities, the reduction of heat-related mortality represented the largest benefit to society.
Increases in property value with green roofs are the second largest benefit across cities, whereas
reductions in productivity loss make up a large portion of the benefits for Modling but to a lesser
extent for Klagenfurt and Salzburg. Otherwise, differences in the amount of societal benefits between
the cities is reflected in the difference in the dimensioning of the scenarios.

3.1. Cost-benefit indices

We calculated the NPV, BCR and cost and benefit efficiencies for each of the three cities for
the combined scenario using estimates of the present values of all costs in Table 5 and the present
value of all benefits in Table 6. Figure 3 shows the results of the social cost benefit analysis.

With NPVs and BCRs all above 0 and 1, respectively, all three cities result in positive outcomes
indicating economic feasibility and hence grounds for adaptation scenario approval. Salzburg
obtained the highest benefit given the costs with a BCR of 2.68, whereas Klagenfurt and Mddling
were very similar with BCRs of 1.36 and 1.27, respectively. With the cost and benefit efficiencies
(i.e., relating costs and benefits to the reduced number of hot days), the cities followed similar trends
to the NPVs. For these cities, high benefit efficiencies are associated with high cost efficiencies,
meaning that given scenarios with high costs, high benefits can be expected under a wide range of
scenarios.
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Figure 3. Net present values (NPV), benefit-cost ratios (BCR), cost
efficiencies and benefit efficiencies for the combined scenario.

3.2. Green vs White City scenarios
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We calculated the NPV, BCR and cost and benefit efficiencies for each of the three cities for
the combined, Green City and White City scenarios. As before, we use estimates of the present values
of all costs in Table 5 and the present value of all benefits in Table 6 for calculation of the cost-benefit
indices.

Figure 4a displays the comparison of scenarios for Modling. Despite the high costs associated
with the Green City scenario, this scenario achieved the highest benefit efficiency, demonstrating the
numerous additional benefits provided through the monetary valuation of the urban ecosystem
services. The White City scenario maintains the lowest costs given the highest BCR and lowest cost
efficiency out of the three scenarios. Therefore, the White City scenario provides the high benefits
through reductions in heat-related mortality given the low cost of measures relative to the green
measures, but this scenario resulted in a negative outcome. The lowest benefit efficiency is also
provided with this scenario, attributing to the lack of urban ecosystem services.

Similar results to Médling were achieved for both Klagenfurt and Salzburg in the comparison
of the Green City and White City scenarios (see Fig. 4b and c). The high costs of the green scenarios
equally brought about higher benefits, leading to higher benefit efficiencies, whereas the low costs
of the White City scenarios are not reconciled with equivalent levels of benefits. This results in lower
BCRs and higher cost efficiencies for the White City scenario for all cities. However, in the case of
Klagenfurt, the combined scenario has the highest benefit efficiency, due to the relatively low reduced
annual number of hot days in the Green and White City scenarios (~0.5 hot day on average).
Furthermore, only in the case of Salzburg was the NPV the highest for the combined scenario of
measures, which reflects the high sensitivity of the population to temperature in the heat-related
benefits.

(a) Modling
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(b) Klagenfurt
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Figure 4. Cost-benefit indices of the combined, Green City and White City
scenarios for (a) Madling, (b) Klagenfurt and (c) Salzburg.

3.3. Sensitivity analysis

A sensitivity analysis was performed using a Monte Carlo simulation with 10,000 iterations,
which ensures that the numerous possible combinations of variations could be simulated randomly.
Figure S2 in the Supplementary Material shows the results of the Monte Carlo analysis as cumulative
probability distributions for the combined scenarios of measures for each of the cities. By means of
the cumulative probability curves, we assess the risk of the combined scenarios.

The probabilities of a project obtaining a positive NPV were 88%, 73% and 100% for Mddling,
Klagenfurt and Salzburg, respectively. Therefore, the results for Médling and Salzburg are very
robust in terms of obtaining a positive outcome. For Klagenfurt, the lower property prices compared
to Mddling and Salzburg become very relevant in testing the sensitivity of the property value increase.
Thus, although Klagenfurt achieves a higher BCR than Mddling, for example, the variability in
parameters leads to higher risk in the combined scenario for this city. This is also apparent in the
probability of achieving the baseline combined scenarios in Figure 3. Although Mddling and Salzburg
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have likelihoods of achieving the baseline of 52% and 46%, respectively, Klagenfurt has a likelihood
of 20%.

4. Discussion

In this study, we investigated the economic feasibility of UHI adaptation scenarios for three
small- to medium-sized cities using a CBA. Thereby, we have addressed not only the research gap in
analyzing the UHI effect but also in green infrastructure planning and ecosystem service research in
small- to medium-sized cities.

We find that the benefits do outweigh the costs for a variety of scenarios including green and
white measures as well as a combination of both. In all cities, the combined and Green City scenarios
demonstrated economic feasibility. Only for the White City scenario in Modling was a negative result
obtained. Furthermore, in every city, the cost efficiencies were the highest for the White City
scenario, and the benefit efficiencies were the highest for the Green City and combined scenarios.
This demonstrates that although urban ecosystem services obtained by green measures only make up
small percentages of the overall benefits (12-25%), there are still large values to society involved,
which can further push the scenarios in a positive direction. Therefore, adopting White City scenarios
may directly address the issues of UHI, but greater opportunities are provided to address multiple
urban issues at once by implementing combined or Green City scenarios. This offers even small and
medium-sized cities a chance in developing frameworks for multifunctionality (Hansen and Pauleit,
2014). Therefore, by pursuing such scenarios, urban planners and policy makers create societal value
and robustly address multiple urban issues simultaneously, which can promote public support and
stymie public scrutiny.

Despite positive results across almost all scenarios, it should be recognized that the value of
reduced heat-related mortality represented the largest benefit in each of the scenarios. Despite this,
we maintain the stance that the quality of the analysis lies not only with the specific estimation of
heat-related mortality for the three cities but also with the spatially-explicit approach of addressing
exposure to the risk. Previous CBAs covering economic appraisals of heat waves and warning
systems estimate heat-related mortality reductions using relative risks modeled at regional scales
(e.g., Hunt et al., 2017; Stone et al., 2014) or adopted from other cities (e.g., Xia et al., 2018).
Therefore, the epidemiological approach utilized in the present study takes a more precise approach
to account for the impact of this benefit in the CBA.

Although the literature on heat-related mortality is rich, the current study makes general and
methodological contributions to the literature on adaptation to heat stress. Chen et al. (2014) and
Dang et al. (2017) showed how heat-related mortality decreases with increased provision of
vegetation and green space in urban contexts, respectively. Stone et al. (2014) developed adaptation
scenarios including green measures for three U.S. cities and demonstrated significant decreases in
heat-related mortality. None of these studies quantified the costs and benefits monetarily. From an
economic perspective, several studies have investigated different strategies for addressing heat stress.
For example, Chiabai et al. (2018) investigated the economic viability of heat-warning systems in
Madrid and found high societal benefits in terms of reduced heat-related mortality. Likewise, Hunt
et al. (2017) demonstrated the economic feasibility of such systems for several European regions
while also incorporating a spatial context (i.e., 25 km x 25 km grids) for calculating heat-attributable
deaths. Some studies have economically estimated reduced UHI effects by monetarily valuing
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reduced heat-related mortality but they failed to quantify additional benefits associated with green
measures (Mills and Kalkstein, 2012). Therefore, our study is novel on many fronts by introducing a
fine scale approach, empirically estimating heat-related mortality and economically analyzing the
efficiency of such adaptation scenarios with green measures.

Some limitations of this research should be noted. First, we did not consider the impact of
climate change in our analysis for several reasons. Climate change projections introduce new
uncertainty into the modeling, and there is a lack of evidence regarding the change in the temperature-
mortality relationship in terms of individual adaptation to higher temperatures (Gasparrini et al.,
2017). Moreover, we have adopted a more general bottom-up approach for the CBA, and climate
projections stemming from regional models would introduce uncertainties, as these would need to be
dynamically downscaled to a fine detail, as our current analysis utilized 250 m x 250 m raster grids.
Second, we did not include changes to the demographic characteristics of the populations over time,
as these estimates would also be very uncertain and highly aggregated. Therefore, the approach used
in this study was to assume a changed state with the scenario of measures and then propagate this
into future years. Further limitations in regard to the data sources should also be acknowledged.
Although we gathered the most up-to-date and context-specific data possible, we acknowledge that
some sources stem from several years prior, and there is a need for more current research addressing
the costs and impact performance of the different measures. However, we maintain the stance that
the values obtained served the purpose as guiding values for the completion of such a CBA for the
current study.

5. Conclusion

In this paper, we developed a novel approach for estimating the economic feasibility of three
scenarios to mitigate the UHI effect in small and medium-sized cities in Austria. The CBA showed
net positive contributions to society when a combination of all measures (i.e., the Green and White
City) are implemented. When comparing the Green vs White City scenarios, positive economic
outcomes were estimated for all cities, but higher benefits were obtained for the Green City despite
the higher costs associated with the green measures. Although the White City scenario still yields
sizable benefits for lower costs, the green measures provide additional benefits through improved
urban ecosystem services. Although this paper has considered small- to medium-sized cities, the
methods are applicable in different contexts and to cities of various sizes.

Although the CBA incorporated the affect of extreme heat on human health in a spatial manner,
some limitations remained in developing a comprehensive approach to modeling these impacts. Due
to a lack of data at such fine scales, we could not account for differentiations in labor productivity
across indoor and outdoor workers or the presence of air conditioning. Further research could
incorporate current and future uptake of air-conditioned workplaces and disaggregate labor
productivity improvements with adaptation into outdoor and indoor environments. Such analyses
would improve the accuracy and estimations of exposure of residents in analyzing the human health-
related impacts of extreme heat.

Generally, the results of the urban climate model adaptation simulations and the CBA were
well received by city officials and urban planners in the three cities of this project, and strategies for
adapting to the UHI effect are still being designed. When urban planners are faced with many
different adaptation measures, a combination of urban climate model adaptation simulations and a

16



CBA can provide crucial information on what measures can be feasibly implemented as well as
ensuring that such policies lead to an increase in societal welfare.
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